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Preface 



The fascinating phenomenon ferromagnetism is far from being fully understood, 
although it surely belongs to the oldest problems of solid state physics. For any 
investigation it appears recommendable to distinguish between materials whose 
spontaneous magnetization stems from localized electrons of a partially hlled 
atomic shell and those in which it is due to itinerant electrons of a partially 
filled conduction band. In the latter case one speaks of band-ferromagnetism, 
prototypes of which are the classical ferromagnets Fe, Co, and Ni. The present 
book is a status report on the remarkable progress that has recently been made 
towards a microscopic understanding of band-ferromagnetism as an electron cor- 
relation effect. 

The authors of the various chapters of this book “Band-Ferromagnetism: 
Ground-State and Finite- Temperature Phenomena” participated as selected ex- 
perts in the 242nd WE-Heraeus-Seminar (4-6 October 2000) held under almost 
the same title in Wandlitz near Berlin (Germany). It was the second seminar of 
this type in Wandlitz. (The first in 1998 dealt with the complementary topic of 
the physics of local-moment ferromagnets such as Gd). Twenty-six invited speak- 
ers from ten different countries together with fifty-five further participants, who 
presented contributions in form of posters, spent three days together discussing 
in an enthusiastic and fertile manner the hot topics of band-ferromagnetism. 

Generous financial support by the Wilhelm und Else Heraeus-Stiftung, by the 
Sonderforschungsbereich 290 (Metallische dunne Filme: Struktur, Magnetismus 
und elektronische Eigenschaften) of the Deutsche Forschungsgemeinschaft, and 
also by the Wohnungsbaugenossenschaft Hellersdorfer Kiez e. G. made it possible 
to bring together experimentalists and theoreticians working in different areas 
and with different techniques in the field of band-ferromagnetism. The idea was 
to document the present state of affairs, to learn from each other, and to pinpoint 
important areas for future research. The support of the sponsors is gratefully 
acknowledged. 

Many colleagues have helped to organize the workshop and to prepare the 
manuscript of the accompanying book. We wish to thank the members of the 
Lehrstuhl Festkorpertheorie at the Humboldt-Universitat zu Berlin for doing an 
excellent and active job. Special thanks are due to Priv.-Doz. Dr. Michael Pot- 
thoff who really worked hard in composing the various contributions to this book. 
The collaboration with the Springer- Verlag was always effective and delightful. 



Berlin, Munster 
April 2001 



K. Baber schke 
M. Donath 
W. Molting 
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Ferromagnetism and in particular the so-called band-ferromagnetism belongs to 
the oldest phenomena discussed in solid state physics, but on the other hand con- 
tinues to be a very hot topic of modern research. The only explanation for this 
fact is that up to now this very complicated and very fascinating phenomenon 
is not yet fully understood. The main shortcoming for our understanding of fer- 
romagnetism is the lack of a unified theory which woud be able to describe the 
rich variety of magnetic features within one and the same theoretical framework. 
The full microscopic explanation of ferromagnetism as a consequence of strong 
electron correlations is still absent, in spite of some obvious progress just in the 
recent past, and remains therewith a challenging task for experimentalists as 
well as theoreticians. Fundamental precondition for collective magnetic ordering 
is of course the existence of permanent magnetic moments. However, it makes 
already a big difference whether these moments are localized or itinerant. The 
investigations presented in this book aim exclusively at the situation of itiner- 
ant ferromagnetism as realized by the classical prototypes Fe, Co, and Ni. It 
is commonly accepted that itinerant ferromagnetism results from an interplay 
between the Pauli principle, the spin-independent normal Coulomb interaction, 
the kinetic energy, and the lattice structure. Consequently it belongs to the most 
fundamental phenomena in condensed matter physics. Understanding ferromag- 
netism means to understand the spontaneous spin-dependent splitting of the 
density of states of a narrow, partially filled energy band below a critical tem- 
perature, the Curie temperature Tc. With electrons occupying band states up to 
the spin-independent Fermi edge, a spin asymmetry is realized and therewith a 
resulting spontaneous finite magnetization. 

In the past there have been two different strategies to come to a better 
insight into ferromagnetism. The first refers to single-electron bandstructure 
calculations in the framework of Density Functional Theory (DFT). In prin- 
ciple DFT is an exact ground state theory, which, however cannot be treated 
rigorously. The achievements and merits of the respective Local Density Ap- 
proximation (LDA) as a ground state approach to the physics of real materials 
are very well-known. LDA-DFT has the great advantage of being an ab ini- 
tio procedure which does not need any adjustable parameter. The electronic 
structure of many real materials could be calculated with astonishing accuracy. 
However, it is also undoubtedly clear, that LDA seems to underestimate elec- 
tron correlation effects delivering therefore in cases of highly correlated systems 
very often a non-satisfactory description of experimental (photoemission) data. 
This holds in particular for ferromagnetic systems, even for the pure 3d ferro- 
magnets. Let us mention as an example for the failure of LDA the fundamental 



K. Baberschke, M. Donath, and W. Nolting (Eds.): LNP 580, pp. 1-6, 2001. 
@ Springer- Verlag Berlin Heidelberg 2001 




2 



K. Baberschke, M. Donath, and W. Nolting 



T = 0-exchange splitting, which conies out at least twice bigger than in the 
experiment. Another example is the intensively discussed 6eV satellite, observed 
in Ni but not in Fe, and by no means reproducible by an LDA treatment. The 
LDA, when applied to paramagnetic Ni, e. g. , obviously denies the existence 
of local moments (or short-range magnetic order) in the paramagnetic phase, in 
contradiction to experiments (susceptibility) performed for temperatures above 
the Curie point. The general shortcoming of LDA is its restriction to T = 0. 
A key quantity of ferromagnetism as the Curie temperature is therefore out of 
reach. The finite-temperature extension DFT, being in principle available, has 
not yet led to acceptable results. 

The other strategy uses model Hamiltonians which are approximately eval- 
uated by many-body techniques. The advantage is that in principle there does 
not exist any restriction with respect to temperature, carrier concentration, lat- 
tice structure. Coulomb coupling and screening, external magnetic field and so 
on, and the full thermodynamics of the ferromagnet is accessible. Furthermore, 
analytical investigations can lead more directly to an understanding of the mi- 
croscopic mechanisms responsible for the spontaneous magnetic order. On the 
other hand, a theoretical model cannot represent more than a caricature of re- 
ality, stressing the supposedly important things and neglecting all the details 
which are not directly related to the phenomenon. Strictly speaking, however, 
the neglected details imply that, from the very beginning, a quantitative com- 
parison to experimental data will be excluded. Only qualitative tendencies can 
be conveyed by such model studies. Further disadvantages are the uncertainty 
in the choice of the model parameters, which, because of the inherent model 
simplifications, cannot be brought into contact unambiguously with ab initio 
calculated matrix elements, and, very often, a certain degree of uncontrollability 
in the approximative treatment of the normally not exactly solvable many-body 
problem. 

The mentioned two strategies are more or less complementary tools for theo- 
retically tackling the magnetism problem. Highly promising are therefore recent 
attempts to combine the methods in order to exploit their advantages and si- 
multaneously to eliminate to a great part their shortcomings. First results for 
temperature-dependent quasiparticle structures with reasonable inclusion of cor- 
relation effects are available which allow to understand magnetic phenomena as 
being caused by the electronic structure, only, i. e. without referring to effective 
spin models. 

From a more phenomenological point of view a similar idea is realized by the 
combination of spin-fiuctuation theories with LDA bandstructure calculations. 
Spin ffuctuation theories are based on a Landau expansion of the free energy 
of the ferromagnetic solid up to fourth order in the magnetization, the local 
statistical fiuctuations of which are explicitly taken into account. A weighty 
criterion for such finite-temperature theories of ferromagnetism is their ability 
to reproduce the experimental Curie temperature. 

Supreme judge of each theory is the experiment. To learn from the experiment 
and to test a theory by the experiment, however, meets the requirement to 
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understand what is really measured. Which kind of information is transmitted 
by which spectroscopy? Do the data refer to ground state or to excited state 
properties of the solid? Which input-parameter for the theory can directly be 
taken from the experiment to understand the magnetism of real substances on 
an atomistic microscopic level? 

The book in hand tries to dehne what is our today’s understanding of fer- 
romagnetism by gathering and interpreting most recent experimental as well as 
theoretical investigations. It is not at all intended to formulate something like 
a provisional solution of the very complicated problem, but rather to illustrate 
the progress made so far and to list up and to classify open questions. Five main 
groups of problems with respect to ferromagnetism are selected and commented 
on: 



Ground State Properties 

Enormous progress in the understanding of magnetism has been brought in by 
ab initio bandstructure calculations. Starting from Density Functional Theory 
(DFT) as an exact ground state theory various approaches to the not exactly 
known exchange-correlation potential have proved to yield excellent descrip- 
tions of ground state properties of bandferromagnets. Strictly speaking DFT 
and therewith all the approximative DFT-related versions (local (spin) den- 
sity approximations (L(S)DA)) are restricted to total energy calculations. The 
Kohn-Sham eigenenergies are, in principle, only auxiliary quantities (Lagrange 
multipliers) for the total energy calculation. Nevertheless they are also used to 
represent bandstructures and different spectral properties, and that in many 
cases with astonishing success. The above-mentioned shortcomings, which be- 
come evident, when DFT- LDA is applied to strong correlation effects as the 
metal-insulator transition in transition metal monoxides, the high-Tc supercon- 
ductor physics or heavy-fermion properties, have been attacked by introducing 
modifications known in literature as LDA+U, GW approach, selfinteraction cor- 
rection (SIC), generalized gradient approximation (GGA), ... . Within limits 
these modifications are able to remove some of the shortcomings, although in 
some cases at cost of corrupting a little bit the idea of first principles calculations. 

Very promising attempts to incorporate correlation effects adequately into 
the calculation of ground state properties of the ferromagnet are based on com- 
binations of multiband-Gutzwiller variational approaches with the DFT-LSDA 
concept. Clear improvements for effective masses, bandwidths and above all ex- 
change splittings become possible. 

The above-cited advances in ab initio theories together with the enormous 
increase in computational capacities allow today full relativistic calculations of 
the total energy and its magnetic anisotropy contributions. The magnetic aniso- 
tropy is measured as the dependence of the ground state energy on the direction 
of the magnetization. There are two sources for magnetic anisotropy, the dipole- 
dipole interaction between magnetic moments and an electronic contribution 
due to spin-orbital coupling in the sample (orbital moment magnetism) . In bulk 
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3d transition metals the spin-orbital coupling plays a minor role, while becom- 
ing important in hlms and nanostructures where orbital moments are not fully 
quenched. It has become possible to calculate and to measure the projection of 
the spin and the orbital momentum on the total angular momentum to hx the 
spin and the orbital contribution to the magnetic moment. This gives new in- 
sight in fundamental magnetic anisotropy effects. A detailed discussion is given 
in the book. 

The most fundamental ground-state feature of the bandferromagnet is the ex- 
change splitting, in particular that of the states near the Fermi edge. It remains 
furtheron a challenging task, even for refined LSDA calculation, to determine 
the correct wavevector- and energy- dependent value. There are possibly other 
correlation-caused splittings which must not be misinterpreted as exchange split- 
ting. 



Finite Temperature Electronic Structure 

Characteristic for a ferromagnetic material is a temperature-dependent elec- 
tronic structure. Of central importance is again the exchange splitting and its 
behaviour when the temperature goes up towards the Curie temperature. Is 
the increasing demagnetization due to a collapsing behaviour of the exchange 
splitting, i. e. to an increasing overlap of spin bands as it is observed for Ni by 
spinpolarized (inverse) photoemission, or is the spin asymmetry continuously re- 
moved simply by a redistribution of spectral weight? A persisting splitting above 
Tc is sometimes claimed for Fe. 

The old Stoner picture of collapsing spin bands with vanishing local mag- 
netic moments above is known to be incorrect. An entirely unsatisfactory 
result following from this picture concerns the derived values for the transition 
temperature. Another contradiction to experimental facts is the Pauli-like sus- 
ceptibility in the paramagnetic phase with no indication of a Curie- Weifi law 
behaviour. Collective excitations as spin waves do not fit the model picture. 
Short range order above Tc as observed in neutron scattering experiments is not 
explainable. 

The other extreme is that of stable localized moments, as in the Heisenberg 
model, with an orientation disorder above Tc. This picture is also unacceptable, 
because it neglects the itinerant nature of the magnetic electrons in bandferro- 
magnets being therefore not able to generate the non-integer magneton number 
of a typical bandferromagnet. Nevertheless, it is an interesting question why 
strong itinerant ferromagnets indeed resemble Heisenberg- ferromagnets (ferro- 
magnetic insulators) at least as far as low-energy properties are considered. Spin 
waves do exist and are responsible for the suppression of long-range magnetic 
order at the Curie temperature. A theory for magnons in the band-picture is 
necessary. The same theory should explain the rather large magnetic moments 
even in the paramagnetic phase. Furthermore, the Curie temperature as the 
key-quantity of the bandferromagnet should be selfconsistently calculable with- 
out any fit to experimental data. Respective proposals are presented in the book. 
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Models of Band- Ferromagnetism 

Some of the questions addressed above are to be investigated in the frame of 
simplifying model concepts in order to work out as clearly as possible the ba- 
sic mechanisms responsible for the spontaneous longe-range moment order. The 
simplest and most frequently applied model is the single-band Hubbard model. 
In spite of the fact that it was invented to gain insight into the origin of itinerant 
ferromagnetism, it was not clear up to very recently whether or not the model 
can really reproduce a ferromagnetic phase over an extended region of the model 
variables (coupling strength, band occupation). Sophisticated new approaches 
to the non-trivial many-body problem of the Hubbard Hamiltonian permit the 
conclusion that the essentials of ferromagnetism can indeed be studied within 
the framework of this model. The Dynamical Mean-Field Theory (DMFT) has 
proved to be an effective method for the investigation of correlated electron sys- 
tems with strong local interactions. It maps the correlated electron problem on 
an effective single-impurity Anderson model. The latter is very much simpler 
and can even rigorously be solved by numerically exact methods. The mapping 
is exact for infinite lattice dimensions and is believed to represent a trustworthy 
approach for two- or three-dimensional systems, too. Non-perturbative, analyt- 
ical theories different from DMFT can then be tested by the infinite-dimension 
results of the DMFT. Such analytical approximations are sometimes more help- 
ful for an microscopic interpretation of magnetic phenomena. Systematically 
refined schemes can lead to a classification of the decisive factors, which may 
influence the stability of ferromagnetism (shape of the Bloch density of states, 
spin-dependent band shifts, correlated electron hopping, quasiparticle damping, 
Fermi liquid behaviour, ...). 

While the simple single-band Hubbard model has to be accepted as a rea- 
sonable basis for an at least qualitative understanding of band-ferromagnetism, 
it is nevertheless rather far away from the situation of real magnetic materials. 
It is therefore absolutely necessary to investigate how the stability of band- 
ferromagnetism is influenced by orbital degeneracy and Hund’s rule coupling. 
How important is it to incorporate into the model study uncorrelated s and p 
bands which hybridize to a certain degree with the correlated d bands? Ques- 
tions like these are urgent topics, which are tackled by some contributions to 
this book. 



Dimension-Reduced Systems 

The magnetism of films, multilayers, surfaces, interfaces, clusters, nanostruc- 
tures, ... has provoked intensive research activities in the recent past. One reason 
is certainly the technological potential. However, there are also more fundamen- 
tal reasons to study dimension-reduced magnetic systems, since they introduce 
special degrees of freedom (lattice constant, structure, anisotropy, broken trans- 
lational symmetry, film thickness, cluster size, ...), which may help to develop 
new ideas with respect to the microscopic conditions of ferromagnetism. 
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The investigation of layer-dependent, finite temperature electronic excita- 
tion spectra and the therefrom resulting magnetic properties of thin films are 
important experimental as well as theoretical research problems. The thickness- 
dependence of the Curie temperature of thin Ni and Fe films is a prominent 
example. One should bear in mind that in bulk band- ferromagnetism only very 
few fixed Curie temperatures (Fe, Co, Ni) are really known. In this respect, thin 
film and nanostructure experiments have opened a completely new field by per- 
mitting to manipulate Tc to almost any arbitrary value. A further and special 
challenge is given by the critical behaviour of thin films, with a possible dimen- 
sional cross-over as function of increasing thickness. What is the infiuence of the 
anisotropy, e. g. in view of reorientation transitions of the magnetization in thin 
Ni and Fe films? Following the Mermin- Wagner theorem anisotropy is absolutely 
necessary to allow collective magnetic order at finite temperatures for films of ar- 
bitrary, but finite thickness. The phase transition in magnetic multilayers, where 
two ferromagnetic films interact through a non- ferromagnetic spacer, is far from 
being fully understood. 

What can be said about magnetic stability at surfaces? Is it possible to 
have a magnetic depth profile, e. g. a ferromagnetic surface for temperatures, for 
which the bulk is already paramagnetic? Further interesting questions aim at the 
spin-dependent electronic states of dimension-reduced systems: surface states, 
interface states, quantum-well states, their origin, their temperatur behaviour 
and their impact on the magnetic behaviour. 



Understanding of Spectroscopies 

All the above-listed physical problems and questions require for satisfactory 
solutions the complementary interplay of theory and experiment. Decisive pre- 
condition for a successful interplay of theory and experiment, however, is an un- 
ambiguous understanding of the applied spectroscopies. This holds of course in 
general, but in particular for magnetic phenomena. For the explanation of band- 
ferromagnetism one needs exclusively information about the electronic structure 
of the respective material. In order to understand the basic physics, experimen- 
tal data have to be compared with theoretically derived or modelled electron 
correlations and quasiparticle effects as well as calculated dependencies on tem- 
perature, carrier concentration and structure. It is a non-trivial question, which 
information can reliably be drawn from direct and inverse photoemission data, 
from Auger-electron and appearance- potential spectroscopy, from the magnetic 

circular dichroism, from neutron scattering, How directly are the terms of 

many-body evaluations (correlation functions, spectral densities, quasiparticle 
bandstructures, electronic and magnonic selfenergies, quasiparticle lifetimes, ...) 
manifested in experimental spectroscopies? Last but not least, the infiuence of 
apparatus functions must distinctly be known to get physically correct state- 
ments. Some important contributions to this book are therefore focussed on 
the interpretation and classification of spectroscopies which are widely used to 
investigate magnetic materials. 




On the Way to a Gutzwiller Density 
Functional Theory 



Werner Weber^, Jorg Bunemann^, and Florian Gebhard^ 

^ Institut fiir Physik, Universitat Dortmund, D-44221 Dortmund, Germany 
^ Fachbereich Physik, Philipps-Universitat Marburg, D-35032 Marburg, Germany 



Abstract. Multi-band Gutzwiller-correlated wave functions reconcile the contrasting 
concepts of itinerant band electrons versus electrons localized in partially hlled atomic 
shells. The exact evaluation of these variational ground states in the limit of large 
coordination number allows the identification of quasi-particle band structures, and the 
calculation of a variational spinwave dispersion. The study of a generic two-band model 
elucidates the co-operation of the Goulomb repulsion and the Hund’s-rule exchange for 
itinerant ferromagnetism. We present results of calculations for ferromagnetic nickel, 
using a realistic 18 spin-orbital basis of 4s, Ap and 3d valence electrons. The quasi- 
particle energy bands agree much better with the photo-emission and Fermi surface 
data than the band structure obtained from spin-density functional theory (SDFT). 



1 Exchange Versus Correlations 

More than 50 years ago two basically different scenarios had emerged from 
early quantum-mechanical considerations on electrons in metals with partly filled 
d bands. 

Scenario I: As proposed by Slater [1] and Stoner [2], band theory alone was 
argued to account for itinerant ferromagnetism. Due to the Pauli princi- 
ple, electrons with parallel spins cannot come arbitrarily close to each other 
(“Pauli” or “exchange hole”), and, thus, a ferromagnetic alignment of the 
electron spins reduces the total Coulomb energy with respect to the param- 
agnetic situation (“exchange field energy”). 

Scenario II: As emphasized by van Vleck [3], electronic correlations are im- 
portant in narrow-band materials. Due to the strong electron-electron in- 
teraction, charge fluctuations in the atomic d shells are strongly suppressed 
(“minimum polarity model”). The atomic magnetic moments arise due to 
the local Coulomb interactions (in particular, Hund’s-rnle couplings) and 
the electrons’ motion through the crystal may eventually align them at low 
enough temperatures. 

In principle, such a dispute can be resolved in natural sciences. The correspond- 
ing theories have to be worked out in detail, and their results and predictions 
have to be compared to experiments. 

This was indeed done for scenario I [4,5]. The (spin-) density functional theory 
is a refined band theory which describes some iron group metals with consid- 
erable success. Unfortunately, progress for scenario II was much slower. It calls 



K. Baberschke, M. Donath, and W. Nolting (Eds.): LNP 580, pp. 9-26, 2001. 
(c) Springer- Verlag Berlin Heidelberg 2001 
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for a theory of correlated electrons, i.e., a genuine many-body problem has to 
be solved. It was only recently that reliable theoretical tools became available 
which allow to elucidate scenario II in more detail [6,7,8,9,10,11]. 

A first step in this direction was the formulation of appropriate model Hamil- 
tonians which allowed to discuss matters concisely, e.g., the Hubbard model [12,13,14,15]. 
This model covers both aspects of d electrons on a lattice: they can move through 
the crystal, and they strongly interact when they sit on the same lattice site. 

The model is discussed in more detail in Sec. 2. 

Even nowadays, it is impossible to calculate exact ground-state properties 
of such a model in three dimensions. In 1963/1964 Gutzwiller introduced a 
trial state to examine variationally the possibility of ferromagnetism in such 
a model [12,13]. His wave function covers both limits of weak and strong cor- 
relations and should, therefore, be suitable to provide qualitative insights into 
the magnetic phase diagram of the Hubbard model. Gutzwiller-correlated wave 
functions for multi-band Hubbard models are defined and analyzed in Sec. 3. 

The evaluation of multi-band Gutzwiller wave functions itself poses a most 
difficult many-body problem. Perturbative treatments [16,17] are constrained to 
small to moderate interaction strengths. The region of strong correlations could 
only be addressed within the so-called “Gutzwiller approximation” [12,13,18] 
and its various extensions [19,20]. Some ten years ago, the Gutzwiller approxi- 
mation was found to become exact for the one-band Gutzwiller wave function 
in the limit of infinite spatial dimensions, d ^ oo [21,22,23], and Gebhard [24] 
developed a compact formalism which allows the straightforward calculation of 
the variational ground-state energy in inhnite dimensions. Recently, Gebhard’s 
approach was generalized by us to the case of multi-band Gutzwiller wave func- 
tions [10]. Thereby, earlier results by Biinemann and Weber [25], based on a 
generic extension of the Gutzwiller approximation [26], were found to become 
exact in inhnite dimensions [27]. 

As shown in Sect. 4 for a two-band toy model, the Gutzwiller variational 
scheme approach also allows the calculation of spinwave spectra [28]. In this 
way, the dispersion relation of the fundamental low-energy excitations can be 
derived consistently. Albeit the description is based on itinerant electrons, the 
results for strong ferromagnets resemble those of a Heisenberg model for localized 
spins whereby a unihed description of localized and itinerant aspects of electrons 
in transition metals is achieved. 

In Sect. 5 we discuss results from a full-scale calculation for nickel. The ad- 
ditional local correlations introduced in the Gutzwiller scheme lead to a much 
better description of the quasi-particle properties of nickel than in previous cal- 
culations based on spin-density functional theory. 

2 Hamilton Operator 

Our multi-band Hubbard model [14] is dehned by the Hamiltonian 



( 1 ) 
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Here, creates an electron with combined spin-orbit index a = 1,...,2A/^ 
(TV = 5 for 3d electrons) at the lattice site i of a solid. 

The most general case is treated in Ref. [10]. In this work we assume for 
simplicity that different types of orbitals belong to different representations of 
the point group of the respective atomic state (e.g., 5, p, d(e^), d{t 2 g)). In this 
case, different types of orbitals do not mix locally, and, thus, the local crystal field 
is of the from = e^dcj^cj'- Consequently, we may later work with normalized 
single-particle product states |^o) which respect the symmetry of the lattice, 
i.e., 

= . ( 2 ) 

We further assume that the local interaction is site-independent 



H,,: 



i;at ^ ^ 

(Jl,(J25cr35cr4 



^CTl, (J2 ;cr 3, 



C ■ C C ■ 
'V,(7x l\(J2 ^(^3 



(3) 



This term represents all possible local Coulomb interactions. 

As our basis for the atomic problem we choose the configuration states 

1^) = •■■Ivacuum) (<Ji < (Ja < ■ ■ • ) , (4) 

which are the “Slater determinants” in atomic physics. The diagonalization of 
the Hamiltonian is a standard exercise [29]. The eigenstates |T) obey 



\r)=Y,Ti,r\I) , (5) 

/ 

where are the elements of the unitary matrix which diagonalizes the atomic 
Hamiltonian matrix with entries Then, 

= , mr = \r){r\. (6) 

r 

The atomic properties, i.e., eigenenergies Ep, eigenstates |T), and matrix ele- 
ments Tj p^ are essential ingredients of our solid-state theory. 

3 Multi-band Gutzwiller Wave Functions 

3.1 Variational Ground-State Energy 

Gutzwiller-correlated wave functions are written as a many-particle correla- 
tor Pq acting on a normalized single-particle product state l^o), 

\Eg)=Pg\^o) . (7) 

The single-particle wave function |^o) which obeys (2) contains many configura- 
tions which are energetically unfavorable with respect to the atomic interactions. 
Hence, the correlator Pq is chosen to suppress the weight of these configurations 
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to minimize the total ground-state energy of (1). In the limit of strong cor- 
relations the Gutzwiller correlator Pq should project onto atomic eigenstates. 
Therefore, the proper multi-band Gutzwiller wave function with atomic correla- 
tions reads 



Pg =n^*;G, 

i 

Pi]G = ^ n ^ ~ 1 ) = 1 + ^ (^i;r — 1 ) '^i-r • ( 8 ) 

r r r 



The 2^^ variational parameters Xi.r per site are real, positive numbers. For 
Kpo ^ 0 and all other = 0 all atomic configurations at site i but |Tb) are 
removed from |^o)- Therefore, by construction, \Pq) covers both limits of weak 
and strong coupling. In this way it incorporates both itinerant and local aspects 
of correlated electrons in narrow-band systems. 

The class of Gutzwiller-correlated wave functions as specified in (8) was eval- 
uated exactly in the limit of infinite dimensions in Ref. [10]. The expectation 
value of the Hamiltonian (1) reads [30] 



(H) 



{'Pg\H\^g) 

{^g\^g) 

X! Kf \PP^VPPPi^o\pc..^,\$o) +'^e^n°.^ + Y^Ermi.r ■ 



Here, ^ = {^o\ni-a-\^o) is the local particle density in |^o)- The local q factors 
are given by [10] 






«°(i 



mrmr' 

— 

^ ^ 1 , 1 ' (cr0/,/O 



X 



pi'uapr 






(10) 



where m^.j is the probability to find the configuration |/) (the atomic 

eigenstate \P)) on site i in the single-particle product state |^o)- The fermionic 
sign function = (/Ucr|c+|/) gives a minus (plus) sign if it takes an odd (even) 
number of anticommutations to shift the operator c+ to its proper place in the 
sequence of electron creation operators in \I U a). 

Eqs. (9) and (10) show that we may replace the original variational parame- 
ters Xi-r by their physical counterparts, the atomic occupancies They are 

related by the simple equation [10] 

= ppr ■ (H) 



The probability for an empty site (|/| = 0) is obtained from the completeness 
condition, 

rrii-ii = 1 - X 

r(|r|>i) 



rui-r ■ 



( 12 ) 
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The probabilities for a singly occupied site (|/| = 1) are given by [30] 



rrii.^ = - 






/(|/|>2) (crG/) 



m. 






rrii-r 



T+rT, 



K ' r 



m] 






m;. 



K 



(13a) 

(13b) 



The parameters m ^.0 and ryii-a- must not be varied independently. All quantities 
in (9) are now expressed in terms of the atomic multi-particle occupancies rrii-r 
(|T| > 2 ), the local densities n^.^, and further variational parameters in |^o)- 
It is seen that the variational ground-state energy can be cast into the form 
of the expectation value of an effective single-particle Hamiltonian with renor- 
malized electron transfer amplitudes t , 



-ffeff = ^ ^ iarii-cj + ^ Errui-r , 

i](7 i]F 



(14) 



Therefore, |^o) is the ground state of whose parameters have to be de- 
termined self-consistently from the minimization of (^o|-f^eff|^o) with respect to 
rrii-r and n^.^. For the optimum set of parameters, defines a band structure 
for correlated electrons. Similar to density- functional theory, this interpretation 
of our ground-state results opens the way to detailed comparisons with experi- 
mental results; see Sect. 5.3. 



3.2 Spinwaves 

The variational principle can also be used to calculate excited states [31]. If |^) 
is the ferromagnetic, exact ground state with energy the trial states 



mq)) = s-\^) (15) 

are necessarily orthogonal to |^), and provide an exact upper bound to the first 
excited state with momentum q and energy e{q) 



e{q) < Es{q) 



i<E{q)mq)) ° 



(16) 



Here, S~ = = Fz ^ from up to down 

in the system whereby it changes the total momentum of the system by q. In 
this way, the famous Bijl-Feynman formula for the phonon-roton dispersion in 
superfluid Helium was derived [32] . In the case of ferromagnetism the excitation 
energies Es{q) can be identified with the spinwave dispersion if a well-defined 
spinwave exists at all [28]. Experimentally this criterion is fulfilled for small 
momenta q and energies E^{q). 




14 



Werner Weber, Jorg Biinemann, and Florian Gebhard 



Unfortunately, we do not know the exact ground state or its energy in gen- 
eral. However, we may hope that the Gutzwiller wave function \^g) is a good 
approximation to the true ground state. Then, the states 



\^G{q))=S;\^G) 

will provide a reliable estimate for Es{q), 



EM « Eriq) 



{<Pg\S+HS-\M 

M\S^Sg\M 



{^g\H\Eg) 

{’EgI'Eg) 



(17) 



(18) 



Naturally, E™{q) does not obey any strict upper-bound principles. 

The actual calculation of the variational spinwave dispersion is rather in- 
volved. However, explicit formulae are available [28] which can directly be applied 
once the variational parameters have been determined from the minimization of 
the variational ground-state energy. 




Fig. 1. Phase diagram as a function of U and J for the Hartree-Fock-Stoner theory 
(HF) and the Gutzwiller wave function (GW) for (a) n= 1.17 and (b) n = 1.40; PM: 
paramagnet, FM: ferromagnet 
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4 Results for a Generic Two-Band Model 

4.1 Ground-State Properties 

The atomic Hamiltonian for a two-band model {b = 1,2) can be cast into the 
form 

~ U ^ ^ ^ ^ ^ J ^ ^ '^l,cr^2,cr 

h (T,a' <J 

+ + C+Aci,lC^,^) ( 19 ) 

a 

For two d{eg) orbitals, JTat exhausts all possible two-body interaction terms. 
Since we assume that the model describes two degenerate d{cg) orbitals, the 
following restrictions are enforced by the cubic symmetry [29]: (i) J = Jq^ and 
(ii) U — U' = 2 J. Therefore, there are two independent Coulomb parameters, 
the local Coulomb repulsion U (of the order of 10 eV) and the local exchange 
coupling J (of the order of 1 eV, as typical for atomic Hund’s rule couplings). 
For the one-particle part we use an orthogonal tight-binding Hamiltonian 
with first and second nearest neighbor hopping matrix elements, resulting in a 
bandwidth W = 6.6 eV. 

In the following we concentrate on two band- fillings, (a), n = 1.17, where the 
non-interacting density of states (DOS) shows a pronounced peak at the Fermi 
energy, most favorably for ferromagnetism, and, (b), n = 1.40, a position near 
the DOS peak, where the DOS exhibits a positive curvature as a function of the 
magnetization. 

In Fig. 1 we display the J-U phase diagram for both fillings. It shows that 
Hartree-Fock theory always predicts a ferromagnetic instability. In contrast, the 
correlated-electron approach strongly supports the ideas of van Vleck [3] and 
Gutzwiller [13]: (i) a substantial on-site exchange J is required for the occurrence 
of ferromagnetism if, (ii), realistic Coulomb repulsions U are assumed. At the 
same time the comparison of Figs, la and lb shows the importance of band- 
structure effects which are the basis of the Stoner theory. The ferromagnetic 
phase in the U-J phase diagram is much bigger when the density of states at 
the Fermi energy is large. Therefore, the Stoner mechanism for ferromagnetism 
is well taken into account in our correlated-electron approach. 

In Fig. 2, we display the energy differences between the paramagnetic and 
ferromagnetic ground states (“condensation energy”, A^cond) as a function of 
the interaction strength for J = 0.2ff. This quantity should be of the order of 
the Curie temperature which is in the range of lOOK-lOOOK in real materials. 
The Hartree-Fock-Stoner theory yields such small condensation energies only 
in the range of f/ ^ 4 eV; for larger f/, E’cond is of order U. In any case, the 
interaction parameter U has to be tuned very precisely to give condensation 
energies which concur with experimental Curie temperatures [1]. In contrast, for 
the Gutzwiller-correlated wave function, we find relatively small condensation 
energies A^cond = 0-5 • 10^ K even for interaction values as large as twice the 
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U/eV 



Fig. 2. Condensation energy as a function of U for J = 0.21/ for the Hartree-Fock 
theory (HF) and the Gutzwiller wave function (GW) for n = 1.17 (full lines) and n = 
1.40 (dashed lines) 



bandwidth {U ~ 12 eV). Moreover, the dependence of the condensation energy 
on U is rather weak such that uncertainties in U do not drastically influence the 
estimates for the Curie temperature. 



4.2 Spinwave Dispersions 

In Fig. 3 we show £’J^^((g, 0, 0)), the variational spinwave dispersion (18), in 
X direction for the model parameters n = 1.17, J = 0.2/7, and the four different 
values /7/eV = 7.8, 10, 12, 13.6 which correspond to a magnetization per band of 
m = 0.12,0.20,0.26,0.28. This quantity is defined as 0 < m = (n^^^ — nfe^^)/2 < 
n/4. Note that our last case corresponds to an almost complete ferromagnetic 
polarization. The data fit very well the formula 

ErHq, 0, 0)) = Dq\l + + 0{q^) , (20) 

in qualitative agreement with experiments on nickel [33] . The corresponding val- 
ues D = 1.4eV and D = 1.2 eV for m = 0.26 and m = 0.28, respectively, 
are of the right order of magnitude for nickel where D = 0.43 eV A^. As lattice 
constant of our simple-cubic lattice we chose a = 2.5 A. 

As shown in the inset of Fig. 3, the dispersion relation is almost isotropic for 
q values up to half the Brillouin zone boundary [28] , in particular for large mag- 
netizations. This is in contrast to the strong dependence of the electron-transfer 
amplitudes tij on the lattice direction. This implies for strong ferromagnets that 
the collective motion of the local moments is similar to that of localized spins 
in an insulator [34] . Such ferromagnetic insulators are conveniently described by 
the Heisenberg model with exchange interactions between neighboring sites {i,j} 
on a cubic lattice. 



( 21 ) 
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0.0 0.2 0.4 0.6 

q/A“' 



Fig. 3. Variational spinwave dispersion in x direction, 0, 0)), for the two-band 

model defined in Sect. A; n = 1.17, J = 0.2V, and the values V/eV = 7.8, 10, 12, 13.6 
correspond to m = 0.12,0.20,0.26,0.28. The lattice constant is a = 2.5 A. Inset: 
0, 0)) and g/\/2, 0)) for m = 0.2 and m = 0.28, respectively. The 

spinwave dispersion is almost isotropic 



For such a model one finds D = 2SJo?. The length of the effective local spins 
can be calculated from \^q) as S{S + 1) 0.95 {S = 0.6) for m > 0.20 [10]. 

Therefore, J ~ T)/(1.2a^), which gives the typical value J = 0.17eV. For an 
estimate of the Curie temperature Tq we use the result from quantum Monte- 
Carlo calculations [35] 

Tc = lAAJS^ (22) 

for spins 5 on a simple-cubic lattice. In this way we find Tq ^ 0.5J = 0.09 eV = 
1-10^ K. This is the same order of magnitude as the condensation energy for these 
values of the interaction, T^cond = 5 • 10^ iF, see Sect. 4. Given the arbitrariness 
in the relation between F’cond and Tc, and the application of the Heisenberg 
model to our itinerant-electron system, we may certainly allow for difference of 
a factor two in these quantities. Nevertheless, the results of this section clearly 
show that, (i), Tcond gives the right order of magnitude for Tc, and that, (ii), 
the spinwave dispersion of strong itinerant ferromagnets resembles the physics 
of localized spins. 

5 Correlated Band-Structure of Nickel 

5.1 Discrepancies Between Experiment and SDFT 

Of all the iron group magnetic metals, nickel is the most celebrated case of 
discrepancies between the results from experiment and from spin-density func- 
tional theory (SDFT) [36]. From very early on, the photo-emission data have 
indicated that the width of the occupied part of the d bands is approximately 
W*cc = 3.3 eV [37] whereas all SDFT results yield values of soft = 4.5 eV 
or larger [4,37]. Similarly, the low temperature specific heat data [38] give a much 
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larger value of the quasi-particle density of states at the Fermi energy 

(3.0 vs. 1.9 states/(eV atom)), which indicates a quasi-particle mass enhance- 
ment by a factor of approximately 1 . 6 . Here, the Sommerfeld formula is used 
to convert the specific heat data; the theoretical value follows directly from the 
quasi-particle band structure. Furthermore, very detailed photo-emission stud- 
ies at symmetry points and along symmetry lines of the Brillouin zone show 
discrepancies to SDFT results for individual band-state energies which are of 
similar magnitude as seen in the overall d bandwidth. 

The studies revealed even bigger discrepancies in the exchange splittings of 
majority spin and minority spin bands. The SDFT results give a rather isotropic 
exchange splitting of about 600 meV [4,37,39]. In contrast, the photo-emission 
data show small and highly anisotropic exchange splittings between 160 meV for 
pure d{eg) states such as X 2 and 330 meV for pure d(t 2 g) states, the latter value 
estimated from the exchange splitting of H 3 states along T to L [40,41]. The 
much larger and much too isotropic exchange splitting of the SDFT results has 
further consequences. 

1 . The experimental magnetic moment of the strong ferromagnet Ni is /i = 

0. 61/iB; yet of relevance is its spin-only part /igpin-oniy = 0.55/iB [42]. The 
SDFT result is A^spin-oniy = 0.59/iB [4], an overestimate related to the too 
large exchange splitting. 

2. the X 2 state of the minority spin bands lies below Ey [43], whereas all SDFT 
results predict it to he above the Fermi level [4,44,45]. As a consequence, 
the SDFT Fermi surface exhibits two hole ellipsoids around the X point of 
the Brillouin zone whereas in the de-Haas-van-Alphen experiments only one 
ellipsoid has been found [44,46]. 

3. The strong t 2 g~^g anisotropy is also reflected in the total d hole spin density, 

1. e., in the observation that the d-hole part of the Ni magnetic moment has 
81% d{t 2 g) and 19% d{eg) character [42], whereas the SDFT results give a 
ratio of 74% to 26% [47]. 

In the late 70 ’s and early 80 ’s various authors have investigated in how far many- 
body effects improve the agreement between theory and experiment, see, e.g.. 
Refs. [48,49]. For example, Cooke et al. [48] introduced an anisotropic exchange 
splitting as a fit parameter. 

5.2 Present Status of the Gutzwiller-DFT 

Limitations: By construction, the Gutzwiller approach naturally combines 
with density- functional theory (DFT) which provides a basis of one-particle wave 
functions and a ‘bare’ band structure. The Gutzwiller-DFT introduces important 
local correlations and provides a variational ground-state energy, a quasi-particle 
band structure, and a spin-wave dispersion. 

Nevertheless, the Gutzwiller-DFT has its own limitations which we collect 
here for further reference. 

1. It starts from a model Hamiltonian whose parameters need to be determined 
from a DFT calculation; we shall comment on this procedure below. 
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2. The true ground state is approximated by a variational many-body wave 
function; however, our experience from the two-band model supports our 
hope that the variational freedom of our wave function is big enough to 
capture the essential features of itinerant ferromagnetism in real materials 
as well. 

3. The variational ground-state energy is evaluated exactly only in the limit of 
infinite dimensions; however, from the one-band case, we expect 1/d correc- 
tions to be small [24]. 

4. Similar in spirit to density-functional theory, we interpret the ground-state 
energy in terms of a quasi-particle band structure; it should be kept in mind, 
though, that this quantity is, in general, not identical to the quasi-particle 
dispersion in the sense of standard many-body theory [50] . 

5. Most dynamic quantities, e.g., the spectral function, cannot be determined 
within our approach; the example of the spinwave dispersion in Sect. 4.2 
shows, however, that we can calculate low-order moments of spectral func- 
tions consistently. 

Despite all these restrictions, the method remedies many problems of the SDFT 
in the description of the quasi-particle band structure of nickel, see Sect. 5.3. 

Parameterization of the One-Particle Hamiltonian: In the present study, 
we determine the hopping matrix elements t^^j in (1) from a least squares’ fit 
to the energy bands obtained from a density-functional-theory calculation for 
non-magnetic nickel. An orthogonal nine orbital basis is used, and the root- 
mean-square deviation of the d band energies is about 60 meV. 

A more complete description should include the flexibility of the wave func- 
tions to relax in the magnetic state. This could be achieved by enhancing the 
orbital basis by Ad states. Moreover, spin-orbit coupling is of significance in 
nickel, as it leads to a 10% enhancement of the total magnetic moment. In 
principle, the spin-orbit coupling, or, more generally, an arbitrarily large orbital 
basis can be treated within our formalism [10], yet it leads to complications 
such as local q factors which now depend on two spin-orbital indices instead of 
one as in (10). These extensions not only enhance the numerical complexity of 
the problem but also require different methods for extracting the single-particle 
Hamiltonian from DFT, for example by a more direct evaluation of DFT results 
obtained from local basis methods. 

Since we start from a DFT basis, the ‘bare’ band structure incorporates al- 
ready some important exchange and correlation effects. In particular, we may 
expect that the non-local Coulomb terms are well taken into account because the 
electron-electron interaction is screened at a length scale of the order of the in- 
verse Fermi wave number. In this way, we can restrict all explicit Coulomb inter- 
action terms in H to local interactions. This assumption is supported by the fact 
that the Hartree-Fock approximation becomes exact in infinite dimensions for 
density-density interactions, (r 0) = 0) [^l]- 

Therefore, we expect that interaction terms beyond the purely local Hubbard 
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interaction should be properly taken into account in the density-functional ap- 
proach in three dimensions. However, the proper treatment of the “double count- 
ing” problem for both local and non-local interactions remains a serious prob- 
lem for all methods which try to combine density-functional approaches with 
model-based many-particle theories; see, e.g., the contributions by Lichtenstein, 
Vollhardt, and Potthoff in this volume. 

Chemical Potentials: In the translationally invariant system under investi- 
gation, the local occupation densities are the same as their system averages, 

(n.,.) = {N^)/L , (23) 

where N^r = counts the number of electrons with spin-orbit index a. 

Therefore, we may equally work with chemical potentials fi(j for each spin-orbit 
index in the Hamiltonian 



= (24) 

a 

In this grand-canonical view, the chemical potentials rather than the particle 
densities act as variational parameters. Naturally, not all of these parameters 
may be varied independently. For example, as a consequence of the hybridization 
of the Asp and the 3d electrons, the 3d levels would be depleted for a strong d-d 
repulsion which needs to be compensated using one of the parameters. Presently 
we keep fixed the values of the 4s and Ap partial charges, and thus also the 3d 
total charge, to the values of the non-magnetic calculation. This is achieved by 
using two of the four chemical potentials for 4s and Ap electrons. 

As can be seen from (14), the chemical potentials act as a shift of the ‘bare’ 
(DFT) values of the fields Ccr, 

ef =€a - IJ.a ■ (25) 

In this way, the variational approach naturally contains the flexibility to ad- 
just the magnetic (or “exchange”) splitting between majority bands (6,t) and 
minority bands (6,|), 

= (26) 

In particular, we may allow for an anisotropy in the exchange splittings of the 
d{eg) and d{t 2 g) electrons. 

Interaction Parameters of the Atomic Hamiltonian: Presently we employ 
only the on-site Coulomb interaction within the 3d shell, i.e., all interactions 
within the 4s, Ap shell and between Asp and 3d are neglected. In spherical atom 
approximation, which is found to be well justified, all matrix elements in (3) can 
either be expressed as a function of the Slater integrals F(k) {k = 0,2,4) or of 
the Racah parameters C [29]. We use C jB ^ 4-5 [29] and determine A and 
C in order to give an optimal agreement with experimental data (effective mass 
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and bandwidth, condensation energy, t 2 gl^g ratio of the d part of the magnetic 
moment, Fermi surface topology). 

Currently, there is a big debate on the magnitude of the interaction param- 
eters. In principle, the interaction parameters could also be deduced from DFT 
results. However, there is no consensus on how to calculate these parameters 
consistently. For example, they could be calculated from atomic or Wannier 
functions, or they could be found using constrained DFT methods (see, e.g.. 
Ref. [52]). 



Minimization: The number of multi-electron states |T) is 2^^ = 2^^. Be- 
cause of the cubic site symmetry, the number of independent variational param- 
eters mr reduces to approximately 200 for the paramagnetic and to approxi- 
mately 400 for the ferromagnetic cases. These “internal” variational parameters 
obey 2N + 1 sum rules (12) and (13a); in cubic symmetry there remain three 
for the paramagnetic and five for the ferromagnetic cases. There is freedom to 
choose those mr' which, through the sum rules, are dependent on the other m/-. 
It is advisable to pick those mp' which can be expected to have large values. 
This avoids unphysical negative values of mr> to occur during the variational 
procedure. 

The chemical potentials of (25) are the “external” variational parameters. 
In the present case these are eight, however three are fixed to yield the total 
4s, 4p, and 3d densities, such that the space of the external parameters is five- 
dimensional. Given a fixed set of external variational parameters, the procedure 
to determine the internal ones begins to put them equal to their uncorrelated 
values mp = m^. Thus, ^ = 1. Note that = Qp,cr = 1 always holds, 
as there is no interaction for 4s, 4p orbitals. From this, the Tare’ (DFT) band 
structure and follow as an initial guess for the quasi-particle band struc- 

ture and one-particle product state. Then, the following self-consistent scheme 
is employed: 

1. Calculate the ground-state energy for where a labels the set of exter- 

nal variational parameters. This requires momentum-space integrations up 
to the respective Fermi surface. 

2. Minimize the ground-state energy (9) with respect to the internal variational 
parameters. 

3. Calculate the q factors and derive as the ground state of the ^eff (14) 

with the renormalized hopping matrix elements tij] repeat steps 1-3 until 
convergence to is reached. 

Self-consistency is usually reached rather quickly, i.e., is found after three 

to five iterations. 

The global minimum, |^o)gfo^bai found by a search through the space of the 
external variational parameters keeping the average d and sp occupations. This 
search can be sped up by first optimizing with respect to the most important 
external variational parameter which is the isotropic exchange splitting = 
{Ae^ + At^g)l2^ putting the difference to zero as a first approximation. 
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In a second step, the anisotropy of the exchange splitting is investigated, 
i.e., we introduce and At^^ in the minimization procedure, keeping Ad at 
the value of A^^^ obtained in the first optimization step. The searches for A^^ ^ 
and for A^^^ and A^^^ can be carried out starting with Only then the 

self-consistency procedure for has to be launched. 

Typical energy gains are (in meV): 

Eh^re _ ^’bare^^opt^ _ IQ-fOO, (27a) 

^bare(^opt) _ £;bare^^opt^ ^opt^ ^ ^27b) 

^bare(^opt^ ^opt) _ ^opt^^opt^ ^opt^ ^ ^ (2^^^ 

The energy gains from the variations of As and Ap are of the order of 0.1 meV. 



5.3 Comparison to Experiments 

The results for nickel of our DFT-based Gutzwiller calculations agree best with 
experiment when we choose the following values of the interaction parameters: 
A ^ 10-12 eV, C « 0.1-0.4eV with CjB ^ 4.5 [53]. The width of the d bands 
is predominantly determined by A (essentially the Hubbard U) via the values of 
the hopping reduction factors qd,a- The exchange splittings and, consequently, 
the magnetic moment are mainly governed by C and to some extend also by A. 
The Racah parameter C causes the Hund’s-rule splitting of the multiplets; in 
the hole picture, d^ is the only many-particle configuration which is significantly 
occupied (by 1.90 electrons), while 5.94 electrons are in 0.89 electrons are in 
and 1.18 electrons have 5 or p character. 

In our present study, the parameter C is found to be rather small (0.1 eV) 
compared to A in order to reproduce the measured spin-only moment /ispin-oniy = 
0.55. Larger values of C move the minimum of the total energy curve F^tot 
vs. magnetization m to values m ^ 0.60-0.65/iB- 

There are two points to discuss here. The hrst concerns the large value of H, 
which seems incompatible with the position of the satellite peak in the photo- 
emission data at about 6 eV below the Fermi energy Ep [36] . Model calculations 
for this many-body excitation peak use values of f/ ~ 3-5 eV. However, these 
models use single of few d band models, excluding hybridization with the 4s, 4p 
bands, see, e.g.. Ref. [49]. When, in our calculation, the hybrization effects are 
switched off, and only the d band contribution to the total energy matters, we 
also hnd that values o^ A ^ 3-5 eV agree best with experiment, and A ^ 10 eV 
would be way out of a reasonable range of parameter values. 

The second point concerns the shape of the total energy curve F^tot(^) at 
large values of m in the limit of strong ferromagnetism. In this limit, the increase 
of the magnetic moment is fed from the d admixture in the majority 4s, 4p bands. 
Compared to analogous curves obtained from SDFT, the curvature at large m 
values is much smaller in our results. We presume that the larger SDFT curvature 
is related to the balance between 4s, 4p and 3d electrons. It is well known that 
this balance in a delicate manner determines the stability of transition metals 
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as well as of noble metals; see, e.g., Ref. [54], and the discussion of this problem 
in Ref. [55]. The balance between Asp and 3d electrons is the more influenced 
the larger the exchange splitting fields are because the minority band 3d level is 
shifted towards the 4s, Ap levels and the majority band 3d level is shifted away. 
Only in first order of the splitting energy, we can expect that no change in the 
overall 4s, Ap population happens, as is imposed by the choice of our 4s, Ap 
chemical potentials. Presently, the flow between 4s, Ap and 3d electrons cannot 
be described with our model Hamiltonian as the electron-electron interaction 
within the 4s, Ap shell and between Asp and 3d is not included. 

The exchange splittings not only determine the magnetic moment but also 
influence strongly the shape of the single-particle bands in the vicinity of 
(not the overall bandwidth). For the detailed comparison with photo-emission 
data we have thus either chosen calculations with small C values ( 0.1 eV), where 
the minimum of E'tot(^) yields m = 0.55yUB, or, for larger C values, with a fixed 
moment constraint, using the experimental spin-only moment of /ispin-oniy = 
0.55. The resulting quasi-particle bands do not differ much from each other. 
There is however a tendency that values C 0.4 eV and larger appear to agree 

somewhat better with the bulk of the photo-emission data. 

Generally, the Gutzwiller results agree much better with experiment than the 
SDFT results. For example, this is the case for, (i), the value for the quasi-particle 
density of states at the Fermi energy (A^Q_j 3 prp(T^F) = 2.6 vs. 3.0 states/(eV 
atom)), (ii), the positions of individual quasi-particle energies, (iii), the values 
of the exchange splittings, (iv), their t 2 g-eg anisotropy, and, (v), the t 2 gl^g ratio 
of the d part of the magnetic moment ((t 2 ^/e^)G-DFT = 83/17 vs. 81/19). As a 
consequence of the small d(e^) exchange splitting, the X 2 ]^ state lies below Ep 
and, thus, the Fermi surface exhibits only one hole ellipsoid around X, in nice 
agreement with experiment. 

The large anisotropy of the exchange splittings is a result of our ground-state 
energy optimization, which allows At^ and A^ to be independent variational 
parameters. We find A^^^ ^ ~ 800 meV. Note that these values enter 

and are renormalized by factors ~ 0.7, Qd^i ~ 0.6, when is 

reached. This also implies that the width of the majority spin bands is about 10% 
bigger than that of the (higher lying) minority spin bands. It causes a further 
reduction of the exchange splittings of states near E^, especially for those with 
strong t 2 g character. Note that this band dispersion effect causes larger exchange 
splittings near the bottom of the d bands, e.g., 0.45 eV splitting of Xi and 0.74 eV 
splitting of A 3 . There, however, the quasi-particle linewidths have increased to 
1.25 eV and 1.4 eV, respectively [37], so that an exchange splitting near the 
bottom of the d bands could, so far, not be observed experimentally. 

The large anisotropy may originate from peculiarities special to Ni with its 
almost completely filled d bands and its fee lattice structure. Near the top of 
the d bands, the t 2 g states dominate because they exhibit the biggest hopping 

integrals to nearest neighbors, ^ 0.5 eV. The eg states have ^ — 0.3eV 

(2) 

to nearest neighbors, and ^ 0.1 eV to next-nearest neighbors; the latter 
are small because of the large lattice distance to second neighbors. The eg states 
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also mix with the nearest-neighbor t 2 g states with ^^^^^^-type coupling. Therefore, 
the system can gain more band energy by avoiding occupation of anti-bonding 
t 2 g states in the minority spin bands via large values of "t;he expense 

of allowing occupation of less anti-bonding Cg states via small values. This 
scenario should not apply to materials with a bcc lattice structure which have 
almost equal nearest and next-nearest neighbor separations. Since the bands in 
nickel are almost completely hlled, the suppression of charge fluctuations actually 
reduces the number of atomic conflgurations where the Hund’s-rule coupling is 
active. It is also in this respect that nickel does not quite reflect the generic 
situation of other transition metals with less completely filled d bands. 

The results for nickel presented here must be seen as preliminary inasmuch 
some important interaction terms were not yet included; see Sect. 5.2. However, 
the present study already shows that the Gutzwiller-DFT is a working approach. 
It should allow us to resolve many of the open issues in itinerant ferromagnetism 
in nickel and other transition metals. 

6 Conclusions and Outlook 

Which scenario for itinerant ferromagnetism in transition metals is the correct 
one? 

Band theory along the lines of Slater and Stoner could be worked out in 
much detail whereas a correlated-electron description of narrow-band systems 
was lacking until recently. Our results for a two-band model and for nickel show 
that the van-Vleck scenario is valid. Band theory alone does not account for the 
strong electronic correlations present in the material which lead to the observed 
renormalization of the effective mass, exchange splittings, bandwidths, and Fermi 
surface topology. Moreover, charge ffuctuations are indeed small, and large local 
moments are present both in the paramagnetic and the ferromagnetic phases. 

Roughly we may say that the electrons’ motion through the crystal leads to 
a ferromagnetic coupling of pre-formed moments which eventually order at low 
enough temperatures. In this way, strong itinerant ferromagnets resemble ferro- 
magnetic insulators as far as their low-energy properties are concerned: spinwaves 
exist which destroy the magnetic long-range order at the Curie temperature. 

Our present scheme allows us a detailed comparison with data from refined 
photo-emission experiments on nickel which are currently carried out [56]. It 
should be clear that our approach is applicable not only to nickel but to all 
other itinerant electron systems. 

Despite all recent progress much work remains to be done. The present imple- 
mentation of the Gutzwiller-DFT needs to be improved by the inclusion of more 
orbits, their mutual Coulomb interaction terms, and the spin-orbit coupling. Ul- 
timately, some of the principle limitations of our variational approach will have 
to be overcome by a fully dynamic theory. Most probably, such a theory will re- 
quire enormous numerical resources such that a fully developed Gutzwiller-DFT 
will always remain a valuable tool to study ground-state properties of correlated 
electron systems. 
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Abstract. The enormous research on magnetic properties of ultrathin hlms and nanos- 
tructures produces also new activities in the fundamental understanding of the mag- 
netic anisotropy energy (MAE) and the anisotropy of the orbital magnetic moment / atom. 
The pseudomorphic growth of Fe, Co, Ni on metallic and non-metallic substrates can 
change the nearest neighbor distance by 0.05 A. This small change in structure and 
symmetry increases the MAE by several orders of magnitude and lifts the quenching 
of the orbital moment. Increases of 20 — 30% of the orbital moment /iL are observed. 
This experimental finding is confirmed by full relativistic ab initio calculations. Vari- 
ous experiments deliver the full temperature dependence of all MAE contributions. The 
temperature dependence remains a challenge for the theory in itinerant magnetism. 



1 Introduction 

The anisotropy in magnetic phenomena is well established in theoretical and 
experimental investigations. We refer to standard textbooks, e.g. [1,2, 3, 4]. Al- 
though this is common knowledge and standard part of teaching in solid state 
physics, in recent years a revival happened with an enormous number of new 
results and publications, in particular for itinerant magnets. In our opinion this 
has at least three independent reasons: 

• There is an obvious interest on ultrathin ferromagnetic films and nanostruc- 
tures for technological applications (we refer to recent reviews [5,6]). 

• In 1985-87 the magnetic circular dichroism was introduced in the x-ray 
regime (XMCD = X-ray Magnetic Circular Dichroism). This new experi- 
mental technique became very popular when circular polarized synchrotron 
radiation was available [7,8]. Theoretical efforts followed immediately [9]; us- 
ing a localized picture to calculate the transition probability at the L 3 ^ 2 -edges 
of 3d ferromagnets, the so-called ‘sum rules’ were developed [9,10,11]. 

• Advances in ab initio theories and computational capacities allow today full 
relativistic calculation of the total energy and its magnetic anisotropic con- 
tributions [12,13,14]. In section 2 we will show that the anisotropic magnetic 
energy is in the order of ~ |LieV/atom out of some eV/atom of the total en- 
ergy. In other words, total energy calculations for particular systems are that 
precise and reliable that ^ contributions can be calculated (analogy in 
1960’s can be seen for the core polarization in the hyperfine fields). 

We prefer to see these three reasons (and more) as an accidental ‘coincidence’. 
It is not only the demand for new technologies in magnetic storage media, but 
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also the progress in the fundamental understanding which reactivate the discus- 
sion of magnetic anisotropies. Le. in the history of magnetism [15] the MAE 
was always treated in a thermodynamical phenomenological way by expanding 
the free energy [16]. In nowadays magnetism is interpreted from an atomistic, 
microscopic point of view: New artihcial structures can be grown with differ- 
ent symmetries and lattice constants (changes by few 1/100 A only). These real 
structures serve as input for ab initio theories (see the chapters by R. Q. Wu 
and O. Eriksson in this book) and it appears that these small changes in the 
nearest neighbor distance (~ 0.05 A) change the magnetic anisotropy energy by 
2-3 orders of magnitude! This will be a main aspect of the present contribution. 



Table 1. Characteristic energies of metallic ferromagnets (MAE values are given at 
room temperature) [17] 



binding energy 


1 — 10 eV/atom 


exchange energy 


10 — 10^ meV/atom 


cubic MAE (Ni) 


0.2 peV/atom 


uniaxial MAE (Co) 


70 peV/atom 



Unfortunately the history of magnetism and magnetic anisotropy went dif- 
ferent routes and were uncoupled from other areas of solid state magnetism, that 
is to say, magnetoelastic theory had sometimes very little contact with crystal 
field theory (e.g. [18]). As a consequence, the classification of magnetic anisotropy 
contribution went a different route than Legendre polynom expansion in crystal 
field theory. Moreover, as a consequence various units are used in the historical 
part of magnetoelasticity, namely erg/cm^ and erg/cm^, that is to say energy 
per volume and area, respectively. Other parts of solid state physics and in par- 
ticular the theory prefers eV/atom, that is to say energy per particle (see Tab.l). 
This newer notation started to be used in surface and thin film magnetism and 
we strongly advocate in favor of it, since it facilitates the communication with 
theory and gives an easier insight. Eor example, in thin film magnetism Ee, Co 
and Ni ions contribute equally strong to the anisotropy energy, be it a surface 
atom or an atom in the inner part of a nanostructure, namely 10 — lOOpeV/atom. 
In the older version it would read 1.5 — 15-10^ erg/cm^ and 0.03 — 0.3 • erg/cm^ 
which is not so easy to be compared. 

In the following we distiguish only two effects of anisotropy in magnetism: 

• In Sec. 2 we discuss the magnetic anisotropy energy (MAE), which is the 
energy to rotate the magnetization of a single magnetic domain from its 
easy axis into the hard axis. At first glance this energy is largest at T = 0 
and reduces to 0, if T approaches the ordering temperature Tq [16]. On a 
closer look we note that details of the temperature dependence depend on 




Anisotropy in Magnetism 



29 



the origin of the anisotropy, namely a single particle or pair interaction [1]. 
Gd metal for example has a finite anisotropy above Tq [3,17]. 

• In Sec. 3 we discuss the anisotropic magnetic moment/atom. This is in first 
order a temperature independent observable and originates from the aniso- 
tropic orbital magnetic moment which is in films and nanostructures not 
fully quenched. 




Fig. 1. Room temperature magnetization curve for Ni along the easy ([111]) and hard 
([1?0]) direction [17] 



Both effects are schematically shown in Fig.l: The MAE corresponds to the 
gray triangle and amounts at 300 AT to 0.2 |LieV/atom for fee Ni (Tab.l). 
The anisotropy in the magnetic moments A/xl/a ~ 10“^ for bulk cubic Ni. In 
the following we will see that both may increase by orders of magnitude for 
nanostructures. The latter effect survives far in the paramagnetic regime. It is 
well known [17] that the magnetic moments of Fe, Co, Ni are larger along the 
easy axis (see inset of Fig.l) than in other directions. 

2 Magnetic Anisotropy Energy (MAE) 

In common phenomenology of MAE several origins can be listed: magneto- 
crystalline, magneto-elastic, etc.. In view of its physical origin we prefer to dis- 
tinguish only two types: 

• The intrinsic anisotropy K. It originates from the non spherical charge distri- 
bution, be it in a localized or itinerant picture. It is the only mechanism for 
anisotropic energy in an infinite sized crystal (here we ignore the small dipo- 
lar contributions for non cubic symmetry). As discussed in Sec.l this can be 
treated in ah initio theories in full-relativistic and full-potential treatments. 
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• The only other mechanism is the dipole-dipole interaction which may become 
dominant in finite sized samples. It depends entirely on the sample shape. 
In the following we discuss exclusively ‘single-domain physics’ for two reasons: 
(i) There exist excellent literature for multi-domain magnetism [19]. (ii) The 
thermodynamic ground state for many nanostructures investigated in recent lit- 
erature is a single domain state. Note that for example ultrathin Co/Cu(001) 
hlms of few atomic layers thickness is a single domain system in its thermo- 
dynamic ground state with easy axis in plane. This is not in contradiction to 
PEEM microscopy. There, the as grown film shows a multi-domain state which 
is not the thermodynamic ground state of the system. Depending on stiffness 
constant and other parameters all structures with dimensions smaller than a 
few nm are single-domain in the ground state [1]. In the following we use the 
letter ‘ET’ exclusively for this intrinsic anisotropy (orbital moment induced), it 
is the focal point of the experiments presented here. The experimentally mea- 
sured total value of the MAE includes also the dipolar contribution, which can 
be calculated (Sec. 2. 2) and is subtracted from the raw experimental data before 
discussing the intrinsic MAE ^K\ 



2.1 Intrinsic Anisotropy K 



vacuum 



^ tetragonal Ni( 00 1 ) 

fee Cu(OOl) substrate (a =2.55 A) 




Bain paOi 

fee -► fet -► bcc 

^ ^ r- 

c/a=l da-{i4l 



Fig. 2. Schematic drawing of pseudomorphic growth of Ni on a Cu(OOl) substrate. On 
the right hand side an fee lattice is shown for c/a = 1. If the c/a-ratio reduces down 
to c/a = l/\/2, the lighter spheres indicate the new bcc lattice cell. [20] 



In Eig.2 an ultrathin him grown in register on a substrate crystal is shown 
schematically, e.g. Ni/Cu(001). The nearest neighbor distance in bulk Cu is 
<^Cu = 2.55 A and in Ni uni = 2.49 A. The pseudomorphic growth of Ni on 
Cu(OOl) results in an in-plane tensile strain of Si = 2.5 %. Keeping the total 
energy at a minimum or 5Y = 0 results in a contraction along the c-axis of 
82 = —3.2 %. In other words, the cubic symmetry of Ni reduces to a tetragonal 
symmetry, face centered tetragonal (fct). In the right panel of Fig. 2 this lattice 
is schematically shown. If one compresses the c-axis down to c/a = l/\/2, we 
end up again in cubic symmetry (light spheres) with a bcc lattice (the so-called 
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Fig. 3. An all electron and full relativistic calculation of the intrinsic anisotropy K and 
anisotropy of the orbital moment for an infinitely sized Ni single crystal as function 
of uniaxial deformation of the c/a-ratio [21]. All symbols are calculated values for two 
crystallographic orientations. Open symbols correspond to spin-orbit-coupling-only, full 
symbols to SO+orbital polarization(OP). The grey area on the x-axis indicates the 
uncertainty of the c/a-ratio from LEED measurements [22]. This uncertainty can be 
projected on the ^-axis, depending on SO-only or SO+OP calculations. It results in 
an anisotropy energy of the order of 100 peV/atom, which agrees nicely with the 
experiments [23]. 



Bain path, see the chapter by O. Eriksson in this book). Hjortstam et al. [21] 
have calculated for such an artificial structure with infinite size the total energy 
E as well as the magnetic anisotropy energy (see Fig. 3). 

K = AE = F^[ooi] - ^[110] (1) 

At exact cubic fee and bcc symmetry K ^ 0 peV/atom (see Tab.l). This calcu- 
lation shows very nicely that K increases dramatically by orders of magnitude, 
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if Ni departs from cubic symmetry. Similar calculations have been performed 
by Wu et al. for Co/Cu(001) [24]. Fig. 3 shows also the difference between spin- 
orbit(SO)-only calculations and adding orbital polarization (OP) (for details see 
theoretical contributions by O. Eriksson and R. Q. Wu in this volume). Over- 
simplifying one might say that SO-only calculation corresponds to Hund’s third 
rule, namely the coupling of the orbital (L) and spin momentum (S). The SO- 
and SO+OP-calculation in Fig. 3 shows that there is a signihcant difference, a de- 
tailed discussion goes beyond this contribution, but the figure shows clearly that 
the non-spherical charge distribution (L ^ 0) contributes signihcantly to the in- 
trinsic magnetic anisotropy energy. Strictly speaking, the non-vanishing orbital 
momentum (non-spherical charge distribution) is the only origin of the intrinsic 
MAE (it includes magneto-elastic, magneto-crystalline and other effects). For 
Ni/Cu(001) the c/a-ratio was determined to be c/a ^ 0.95 [22]. The hatched 
area in Fig. 3 shows nicely that this ends up in a MAE of ~ 100 peV/atom. In 
Sec. 3 we will discuss the lower panel of Fig. 3, showing the anisotropy of pL- So 
far we have not included any surface or interface effects. Fig. 4 shows schemati- 
cally the the surface facing vacuum and the interface regime Following 
Neel [25] and Gradmann [26] one can decompose the total intrinsic ‘AT’ of a thin 
film into a surface and interface effect and into a contribution arising from the 
inner part, the so-called , where W’ stands for volume. 

K,=KY + ^ ( 2 ) 

Note that this is an energy density and consequently the first term is a 
constant contribution originating from the inner part of the sample. The second 
term in Eq.(2) yields an average term for the surface contribution which con- 
tributes with 1/d to the total AT. The subscript i stands for various contributions 
of AT being explained in Sec. 2. 3. 

In the right part of Fig. 4 we show for Ni/Cu(001) that the experimentally de- 
termined K follows exactly the linear dependence of A" oc 1/d. To our experience 
this is the most sensitive method to determine real pseudomorphic growth. For 
Ni/Cu(001) we have found that Ni grows pseudomorphically in a fct structure up 
to d ~ 15 ML. For thicker films with d > 20 ML the system relaxes (producing 
misht dislocations) into its original bulk fee structure, while the MAE decreases 
again to AT ^ 0. Performing experiments for various thicknesses in the range of 
2 — 10 ML one also changes the Curie temperature of the ferromagnet due to 
finite size effects. Therefore, it is all important to plot this type of diagram as 
function of the reduced temperature t = T/Tq. Fig. 4 shows this for t = 0.56 
and t = 0.74. If, for example, thickness dependent measurements are performed 
only at ambient temperature, T 300 K, the iT(l/d)-plots are misleading and 
lead to wrong conclusions, as we have shown recently for Co/Cu(lll) [27]. 

In earlier literature of thin him magnetism it has been said that the Neel (sur- 
face) contribution to the MAE is dominant because of symmetry breaking and 
is the main reason for large MAE in ultrathin hlms. Such a statement would 
be only true, if the inner part of a thin him would not contribute to the MAE, 
which is in obvious contrast to Fig. 4. In nowadays the high precision of surface 
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d(ML) 20 10 7 5 4 




Fig. 4. Left panel: Sehematic drawing of a pseudomorphic grown thin film with 3 con- 
tributions of anisotropy energy contributions, the surface term , the interface term 
and the central or volume term . Right hand panel: Experimental data for 
Ni/Cu(001) taken from [28]. If, hypothetically, the Ni film would grow in a pseudomor- 
phic structure up to inhnite thickness (1/d = 0), would reach a value indicated 
on the y-axis. This is by orders of magnitude larger than for unperturbed bulk fee Ni 
as indicated close to the ‘0’ of the ^-axis. The 3 regimes indicate parallel, perpendicu- 
lar and again parallel easy axis of magnetization. For details of the spin reorientation 
transition see [28,30]. 



structure analysis techniques proves that most of the grown nanostructures in 
thin films do not have bulk cubic symmetry, but perturbed lower symmetric 
artificial structures. The extrapolation of K(l/d) in Fig. 4 shows clearly that for 
1/d 0 we end up with a ^ 30 jLieV/atom at a reduced temperature of 

t = 0.56 which is two orders of magnitude larger than for bulk Ni (Fig.l, Tab.l). 
This simple argumentation has been nicely proven in the theoretical calculation 
by Uiberacker et al. [29], displayed in Fig. 5. They have taken a thin film of 12ML 
of Ni, facing on the right hand side the vacuum surface and on the left the Cu 
substrate. The surface layer (layer 15 in Fig. 5) gives a huge negative contribution 
corresponding to the negative slope in Fig. 4. They also found a negative con- 
tribution at the interface layer (layer 4), but less dramatic than in the vacuum 
facing surface. In the present context however, it is most important to see that 
the central part of the film (layers 5 to 14) also contributes very much to the 
magnetic anisotropy, if the cubic symmetry is broken. For —5.5 % relaxation ap- 
proximately 10 layers contribute each with K 100 jLieV/atom. This overcomes 
definitely the surface and interface contribution which count only for 1 layer. 

In summary, for the analysis of MAE in nanostructures and ultrathin films it 
is all important to consider the real structure and symmetry and not to assume 
that the inner part of the structures behave like bulk cubic Fe or Ni. High preci- 
sion structure analysis of these materials serves as an ideal input for theoretical 
ab initio calculations. In previous publications we have discussed thickness and 
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Cu(100)/Ni,,/Vac 




layer 



Fig. 5. Magnetic Anisotropy energy calculated for 12 ML Ni/Cu(001) [29]. The energy 
difference AE^ defined in Eq.l, was calculated for each layer, starting with 3 layers 
of Cu substrate, followed by 12 layers of Ni atoms and 3 layers on the vacuum side 
above Ni. The open triangles denote an unrelaxed, cubic fee-lattice, squares and circles 
correspond to a relaxed tetragonal structure. 



temperature dependent spin reorientation transition [30]; for the present focus 
it is all important to note that the main reason for the reorientation is the above 
discussed contribution of the fct Ni. Only the tetragonal distortion produces 
in Fig. 4 an intercept of the y-axis at large iT-values. Taking the same negative 
slope (negative but assuming a cubic fee structure K{l/d) would cross the 
^-axis at AT ~ 0 (dotted line in Fig. 4), resulting in the fact that the Ni film would 
never have an easy axis perpendicular to the film plane. So far all theoretical 
calculations were done for T = 0, but experiments were not. We will come back 
to this in Sec. 2. 3. 
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2.2 Dipolar (Shape) Anisotropy 

The only other anisotropic interaction between magnetic moments fii and /ij 
with a distance of rij is the dipole-dipole interaction: 






(Mi ■ Mj) 



4 - (Mi ■ r-ij) (Mj ■ rij) 



( 3 ) 



The second term in the dipolar interaction shows clearly that the dipole energy 
depends on the orientation of the magnetic moments /ii, /xj with respect to rij: 
^dip is lowest, if the magnetization M points parallel to rij and it costs energy 
to rotate the two dipole moments perpendicular to the the rij-axis. This sim- 
ple argument demonstrates clearly that an exchange coupling by J^S'i • S'j is per 
dehnition isotropic. A scalar product S\ • Sj does not depend on the space coor- 
dinates, i.e. the exchange energy depends on the angle between the neighboring 
spins, but is independent of their orientation relative to their bond direction. 
Consequently, it costs no energy to rotate two spin moments in space as long as 
one keeps them parallel or antiparallel to each other. It is worth-while to note 
that a so-called anisotropic exchange interaction cited in the literature originates 
from the projection of spin-orbit coupling into spin space. One may project part 
of the orbital momentum and interaction into spin space. We prefer to keep the 
orbital magnetism as what it is, originating from non-spherical charge distribu- 
tions described by the orbital angular momentum, be it as orbital polarization 
or as spin-orbit coupling. Another quite common way of interpretation for 3d 
ferromagnetism is to state a quenching of the orbital momentum and replace the 
magnetic moment /x by a spin vector S resulting from Eq.(3) with an ‘effective 
anisotropic exchange’. 

The summation over all lattice sites i^j in cubic symmetry and infinite-sized 
samples vanishes. We know that for non-cubic specimen like hep cobalt or fet Ni 
small finite dipolar contributions remain, even if the sample is infinite-sized as 
discussed in the beginning of Sec. 2.1 (we ignore this in the following discussion). 
For finite-sized samples like ultrathin films two approaches are commonly used: 

• The continuum model assuming a dipole density: This leads to the well- 
known demagnetizing factor N times the magnetization M^\ 

£^dip = 2^(iV^-7V||)M2 (4^ 

• The discrete lattice sum over point dipoles: Here a magnetic moment per 
lattice site is assumed and the summation (Madelung-sum) is taken over the 
whole specimen. 

Today’s experiments in metallic ferromagnets and ultrathin films are that precise 
and demonstrate that non of the two models is good enough. In the continuum 
model one cannot assume that N\\ = 0 is and N ^ = 1 respectively. A better 
approximation is ^ |^, where d is the film thickness and D the diameter 
of the film. can directly be measured via susceptibility experiments because 
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the maximum in the susceptibility peak is limited by 



Xexp 






( 5 ) 



In recent susceptibility measurements of ultrathin Gd films we have measured 
Xmax ~ 10^ for films in the order of 1 nm thickness. From that we deduced that 
the lower limit for the lateral diameter is in the order of D ^ 0.5 pm [31]. This 
was later confirmed in a STM experiment [32] . Summation over discrete dipoles 
has been performed in bulk and ultrathin hlms [33,34]. This leads to a small 
demagnetizing energy [33,34]. In conclusion: The true demagnetizing energy lies 
between the two limits. What needs to be done in the future is the calculation 
of a lattice sum using a hnite magnetic moment profile (measured by neutron 
form factor analysis, for example). 

Another and more important effect is to consider the proper temperature depen- 
dence M (T). In the next section we will discuss the temperature dependence 
of the intrinsic anisotropy ^K\ A priori it is not clear that the temperature 
dependence K (T) and M (T) are known or well understood. In earlier litera- 
ture of thin him magnetism an effective anisotropy was introduced as the sum 
of two contributions = iT + Since K (T) and M {T) may have a 

completely different temperature dependence /(T), be it an analytical function 
or not, the sum of the two and an effective K mixes both effects and makes 
the situation less transparent. A more transparent way of analysis is to separate 
immediately the temperature dependence of dipolar interaction M^(T) and the 
intrinsic anisotropy K(T) and discuss both contributions separately, even if a 
very precise temperature determination of F^dip is still not available. 



2.3 Angular and Temperature Dependence of the MAE 

Following Eq.(3) the dipolar anisotropy is described in a reasonable approxi- 
mation by a cos^(^)-law. The intrinsic anisotropy ‘A’, however, consists out of 
several contributions with twofold, fourfold, etc. symmetry following a cos^(6^)-, 
cos(2(/9)-, cos^((9)-, cos(4(/:5)-, ... angular dependence. For the anisotropy of bulk 
ferromagnets this is well tabulated in the literature [1,2,3]. We note that there 
exists no common nomenclature. In [3] one hnds an expansion in Legendre poly- 
noms (in analogy to crystal held theory), whereas in [1,2] one hnds an expansion 
in trigonometrical functions. The latter is listed in [17]. Unfortunately no unique 
systematic has been used in the majority of literature on thin him magnetism, 
most publications use only an effective uniaxial term. In Eq.(6) we give some 
frequently used notation for the intrinsic free energy density for systems of tetrag- 
onal symmetry: 

E = - Edip = -K 2 ^_ ■ cos^{0) - K 2 \\ ■ cos(2v?) sm^(6») - 

\ P + cos(4(p)] ■ sin^(6») - ■ cos^(6») + . . . 



(6) 
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We note here that this expansion of the anisotropy energy is used by the majority 
but it has also some disadvantages: Legendre polynom expansion used in [3] has 
the advantage that one finds a monotonic decrease as function of temperature 
and not a crossing of the sign as it is listed e.g. for Fe, Co and Ni in [17]. The 
higher (fourth) order terms are of principle importance because only a higher 
than quadratic function in the free energy can lead to energy minima (easy axis 
of magnetization) at arbitrary angles. That is to say all interpretations of thin 
film magnetism which restrict themselve to an uniaxial cos^(6^)-dependence will 
find only easy axis being in- or out-of-plane. However there exist examples (pro- 
totype Ni/Cu(001)) with a continuous rotation of the easy axis [35,36,37]. A 
detailed description of this effect has been given in [38]. In Fig. 6 we demonstrate 
these dependencies for a Fe 4 /V 4 -multilayer. For this multilayer structure the fer- 
romagnetic resonance was measured angular dependent as function of the polar 
angle 6h and the azimuthal angle (fin- 




Fig. 6. Polar (Oh) and azimuthal {(fH) angular dependence of the FMR resonance field 
Hr for a Fe 4 /V 4 -multilayer at 10 K [36]. 



In Fig. 6 we clearly see a 180°-dependence with the resonance field Hr being 
largest along the film normal [001] (i.e. the hard axis) and Hr being lowest in the 
film plane [100] (i.e. easy axis). It is all important to measure the full angular 
dependence as indicated by the open circles and to fit it to the Eq.(6). We note 
that measuring only the hard axis and easy axis leads to a misinterpretation 
of pseudo-uniaxial symmetry. The fitted solid line has very large components 
of fourth order terms (for details see [39]). On the right hand panel we show 
the azimuthal in-plane angular dependence which is obviously smaller and su- 
perimposes a 90°- and 180° angular dependence. The very small 180° angular 
dependence is produced by steps within the surface plane of the film structure. 
In Fig. 7 we show the 7^2, and as function of temperature. First of all 
we note that K 2 and K 4 ^±_ are in the same order of magnitude at low temperature 
(left hand ^-axis) but of opposite sign. K 4 _\_ is negative, whereas K 2 is positive. 
The in-plane component iL 4 || is about one order of magnitude smaller than the 
out-of-plane contributions (right hand y-axis). The ferromagnetic resonance is 
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the technique of choice to measure each of these contributions also as function 
of temperature. The experimental results shown in Fig. 7 reveal that each has a 
different temperature dependence. 



i) 02 OA 



T/Tc 

0.6 0.8 



hO L2 




Fig. 7. Schematic drawing of a Fe2/V5-multilayer structure grown on an MgO single 
crystal. Temperature dependence of the various anisotropy components Ki as function 
of the absolute and reduced temperature for both multilayer structures Fe2/V5 and 
Fe4/V4 [39]. 



In the lower panel we show similar results for a thinner Fc 2 /V 5 film. From 
the lower right hand part of Fig. 7 it is obvious that Fc 4 /V 4 and Fc 2 /V 5 show 
completely different temperature dependencies. This again is an unambiguous 
demonstration that not only the interface term at the Fe/V-interface contributes 
to the anisotropy but also the layer 2 and 3 in the film of 4 ML Fe. 

A similar type of analysis has been performed for our prototype system Ni/Cu(001) . 
For various samples ranging between 7 and 8 ML a full set of angular dependent 
FMR measurements over a large range of reduced temperatures t = 0.2 — 0.9 
were performed (Fig. 8). Again K 2 and K^± have different signs. For T ^ 0 K 2 
is only about 3 times larger than 7^4^. The fourfold in-plane anisotropy 7^4 1 | is 
smaller by about one order of magnitude. 
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Fig. 8. Temperature dependence of K 2 , K^±_ and K/^\\ for 7.5ML Ni/Cu(001) [38]. 



Finally we turn (Sec. 2.1) to the separation of volume and surface part of the 
anisotropy in thin hlms. To separate and many thicknesses between 2 
and 10 and 15 layers were measured. The result is shown in Fig. 9 and compared 
to a similar experiment for Ni/W(110) films. Within the experimental error bars 
we see that both systems show the same surface term but the volume term 
differs by a factor of 3. In the framework of pseudomorphic growth this 
can be easily understood: The vacuum and interface contributions for the Ni 
film may be approximately the same, be it on a Cu or W substrate (mostly 
Neel type). However the growth and that is to say the tetragonal distortion is 
very much different for the two systems. On Cu(OOl) substrate the film growths 
up to 15 ML pseudomorphic with a tetragonal distortion described in Sec.2.1. 
On W(llO) only the first 2-3 layers are distorted. For thicker hlms Ni growths 
bulk-like. In other words the contribution is much smaller. A more detailed 
description goes beyond the present overview, we refer to [38]. 

In conclusion: the angular dependence of the intrinsic anisotropy is in theory and 
experiment well understood and explains nicely continuous as well as abrupt 
spin reorientation transitions. The temperature dependence of the anisotropy 
as shown experimentally in Fig. 6-9 needs new theoretical input. The classical 
work for magnetic insulators is based on a discrete multiplet structure which 
is populated by Boltzmann statistics. For Fe, Co, Ni ferromagnets an itinerant 
theory of ferromagnetism at hnite temperatures would be adequate. 

3 Anisotropic Magnetic Moments 

Several of the recent popular experimental techniques to investigate itinerant 
ferromagnets depend on the existence of a uniform magnetization (be it macro- 
scopic or microscopic), e.g. spin-polarized photoemmission, magneto-optic Kerr 
effect, etc.. The magnetic response in these techniques vanish if the magnetiza- 
tion, that is to say the expectation value (/Fz), vanishes. In some of the literature 
it is stated that the ‘magnetic moment vanishes at Tq\ Similar interpretation is 
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Fig. 9. Separation of the intrinsic anisotropy into surface and volume contributions 
for Ni(lll)/W(110) and Ni(001)/Cu(001) and its temperature dependence. Note that 
such a diagram should be only plotted as function of the reduced temperature because 
by changing the thickness of the him also the Curie-temperature Tc(d) changes. 



given if experimental findings are explained within the Stoner- Wolfarth model 
only. This can hardly explain the existence of magnetic moments per atom above 
Tq. On the other hand it is well established for more than 70 years that Fe, Co 
and Ni show a Curie- Weiss like behaviour above their Curie-temperatures. In 
the discussion of band ferromagnetism we would like to turn the focus again 
on the expectation value If for simplicity we ignore higher order effects 

of kT at the Fermi energy FJp, one might say that the magnetic moment per 
atom in ferromagnets like Fe, Co and Ni has a fixed (not integer) value which 
is temperature independent above and below Tq. For a detailed discussion of 
the distinction between {S^) and {S‘^) see [40]. A good quantity to describe the 
magnetic moment / atom is the value or the ^^-tensor in solids respectively. Ap- 
propriate experimental techniques to determine this quantity are for example the 
susceptibility or the paramagnetic resonance. In [41] we did follow the magnetic 
resonance signal in thin Ni films starting in the paramagnetic phase through the 
phase transition (with spin fiuctnations at Tc) into the ferromagnetic phase. 
Furthermore it is also clear from bulk magnetism that the magnetic moment of 
Fe, Co, Ni is anisotropic in the bulk, e.g. the magnetic moment for a Ni single 
crystal along the [lll]-direction is larger than along the [001]-direction (Fig.l). 
This anisotropy in the bulk is quite small, but finite [17]. 
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3.1 g- Tensor 

The tensor character of g originates from the non-spherical charge distribution of 
the d-shell, that is to say of a not complete quenching of the orbital momentum. 
Strictly speaking (L^) ^ 0. We refer to Kittehs formula 



2 /is 



(7) 



It is known that the ‘^-factor’ for bulk Fe, Co, Ni is ^ > 2. It ranges from 
g = 2.09 for Fe to = 2.18 for Co and g = 2.21 for Ni. In other word we 
have always an admixture of 4 — 10 % of orbital magnetism. For bulk mag- 
netism this is tabulated in textbooks [18]. We also see that within second order 
perturbation theory the departure from g = 2 comes from the same type of ma- 
trix element the anisotropy energies [28]. We note that this reason for anisotropy 
in the magnetic moment and anisotropy energy does not depend on the use of 
a localized picture; it applies equally for d-bands within an itinerant picture [42] . 




Fig. 10. ^f-tensor component in the film plane (^||) of Fen/Vm-uiultilayers [43]. Note 
that within the error bars the ^r-values (i.e. the magnetic moment) are temperature 
independent. 



In Sec. 2.1 we have demonstrated that in thin film magnetism the departure of 
the crystallographic structural from cubic symmetry caused by pseudomorphic 
growth leads to lower (tetragonal) symmetries. On that basis we must conclude 
that also the ^-value for itinerant ferromagnets departs stronger from g = 2 
compared to bulk single crystals. As an example we show in Fig. 10 g\\ (in plane) 
for ultrathin Fcn/V^-multilayers. The figure shows the bulk value of Fe to be 
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g = 2.09. The Fe 4 /V 4 -multilayer has a Curie-temperature Tc > 500 K. In Fig. 10 
we show the determination of in the ferromagnetic phase from 50 — 200 K 
to be g = 2.13. If one reduces the Fe-thickness down to Fe 2 /V 5 the Curie- 
temperature decreases to Tc ~ 200 K. Its value in the paramagnetic phase 
was determined to be ^ = 2.26. Qualitatively this can be easily understood from 
the schematic drawing in Fig. 7. For two layers of Fe, each of the Fe-layers faces an 
interface with a ‘stronger symmetry breaking’ and one ends with less quenching 
of (Tz). A detailed discussion with correlation to the change of the easy axis of 
magnetization etc. will be published elsewhere. 



3.2 X-ray Magnetic Circular Dichroism at 3d L-Edges 




Fig. 11. Anisotropy of the orbital moment /iL for Ni 2 /Pt 2 -multilayers determined from 
XMCD [44]. Although the absolute value of /xl is small its relative change is dramaticly 
large, namely 22 %. 



The recent progress in XMCD [7,8,9,10,11] allows also to determine the or- 
bital moment /xl and spin moment /xs (see also the chapter by H. A. Diirr in 
this book). Using the sum rules for the analysis of L 3^2 edge XMCD one may 
determine the orbital moment /xl and its anisotropy A/xl- As an example [44] 
we show the angular dependent XMCD for a Ni 2 /Pt 2 -multilayer structure in 
Fig. 11. This film has its easy axis of magnetization perpendicular to the film 
plane, i.e. at ^ = 0°. Fig. 11 shows that for this direction the orbital moment is 
largest and reduces for the in-plane {0 = 90°) direction. This is in accordance 
with the general rule that the magnetic moment is largest along the easy axis 
of magnetization (this rule has some exceptions). One might say that /XL/atom 
is very small (left hand y-axis). On the other hand the relative change in % is 
extremely large, namely 22 %. Since the total moment per Ni-atom is very small 
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0.6/iB, it is no surprise that the orbital moment is only a few % of ^s- Im- 
portant is the relative change of /ip. Indeed the MAE (Sec. 2 ) for these ultrathin 
Ni/Pt-multilayers is 10 — 100 times larger compared to a bulk Ni single crystal 

[44] . 

Finally we note that a precise determination of /ip from XMCD relies on a proper 
determination of the area under the dichroic signal at the L 3 - and L 2 -edges. The 
application of the sum rules [9,10] is underlying a localized picture, namely to 
assume a step-like change of the absorption coefficient at the Ls^ 2 -edges. Further 
theoretical work will be needed for an adequate description of itinerant systems 

[45] . These authors separate the conhguration of occupied electron states in Ni 
into a localized and delocalized part. First attempts to separate one-electron and 
multi-electron features as well as localized and delocalized parts in the analysis 
of XMCD for Ni has been made [46]. 

4 Summary 

In this contribution we tried to distinguish between anisotropic magnetic mo- 
ments and macroscopic anisotropy energies. In most solids with lower than cubic 
symmetry the magnetic moment per atom is anisotropic also in the paramagnetic 
phase. The moments are randomly oriented: with equal population along +/- 
direction and the net magnetization is zero ((/iz) = 0). Only below the ordering 
temperature at which a cooperative alignment of the moments starts we measure 
a net magnetization (/iz) 0. To rotate this magnetization from the easy axis 

(lowest energy) into the hard direction costs energy. This energy increases by 
reducing the temperature up to its maximum value at T = 0. In the framework 
of second order perturbation theory it is said that the anisotropy energy is pro- 
portional to the anisotropy of the orbital magnetic moment K oc Afii,. That can 
hold only for T = 0. 

The enormous research on ultrathin films and nanostructures opened a complete 
new held in experiment and theory to study the fundamental understanding of 
magnetism: In the research of bulk magnetism we did have only three hxed 
Curie-temperatures for Fe, Co and Ni (?^ 1000 K, 1300 K, 600 K). In ul- 
trathin hlms due to hnite size effects we are now in a position to manipulate for 
each of the 3 ferromagnets the Curie-temperature from its bulk value down to 
almost zero K (for 1 . 6 ML Ni a Tc of 36 K has been measured). Consequently, 
susceptibility, ^f-tensor, MAE and other measurements can be performed for the 
whole temperature range. That is to say, a reduction in him thickness offers 
not only a transition from 3D ^ 2D, it is equally interesting to manipulate the 
ordering temperature. New experiments and theory which clearly distinguish 
between the two observables and (/iz) will lead to a better understanding 
of basic properties of magnetism. 
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Abstract. The description of the itinerant ferromagnetic ground state in terms of 
a bandstructure approach has been very successful in providing detailed information 
about valence-band exchange splitting, quasiparticle effects, etc. An alternative pic- 
ture is the expansion of electronic and magnetic ground-state properties into multi- 
pole moments. Vector moments such as orbital and spin magnetic moments are their 
best-known representatives. This approach allows a very natural extension to describe 
higher-order spin-orbit correlation effects. Spin-orbit coupling is known to link the elec- 
tron spins to the crystal lattice, thus, causing a preferred direction of magnetization in 
ferromagnetic materials. Of special interest is the directional anisotropy of the orbital 
magnetic moment and the spin-orbit expectation value. These two quantities probe 
directly the microscopic origin of the magneto-crystalline anisotropy. We will demon- 
strate for several examples how these properties can be measured element and atomic 
site resolved with soft x-ray resonant scattering techniques. 



1 Introduction 

The interfaces between magnetic and non-magnetic layers are of high impor- 
tance for many magnetic properties such as the magneto-crystalline anisotropy 
(MCA). A spin orientation perpendicular to the layers is, for instance, preferred 
for magneto-optical recording applications. When the layer thickness is only a 
few atomic layers the electronic structure displays a quasi two-dimensional be- 
havior. This and the anisotropy of the electronic bonding at the interfaces can 
lead to a spin orientation perpendicular to the layers [1]. The MCA then over- 
comes an in-plane shape anisotropy which is caused by dipole-dipole interactions 
between the magnetic moments. 

The microscopic origin of MCA is thought to be spin-orbit coupling. In bulk 
3d transition metals the spin-orbit coupling is nearly quenched due to a large 
crystalline field and it is only the small orbital part of the wavefunction that 
ties the spins to a crystalline direction. The broken symmetry at interfaces can 
strongly enhance the orbital moment. Bruno [2] has shown that under certain 
conditions the MCA is directly proportional to the anisotropy of the orbital mo- 
ment expectation value. This model was qualitatively corroborated using mag- 
netic circular x-ray dichroism (MCXD) [3, 4, 5, 6] (for a more in-depth review we 
refer the interested reader to the chapter by K. Baberschke). In the Bruno model 
spin- flip terms were neglected which can contribute significantly to the MCA [7] . 
This has lead van der Laan to propose a direct measurement of the MCA by 
probing the anisotropy of the spin-orbit expectation value with magnetic linear 
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x-ray dichroism (MLXD) [8] . Recently Dhesi et al. have shown the experimental 
feasibility of this approach [9] . All of these methods are based on x-ray absorp- 
tion spectroscopy and suffer from the drawback that interface properties such 
as MCA are only indirectly accessible through a variation of the magnetic and 
non-magnetic layer thicknesses. The lattice mismatch at the interface can then 
easily lead to undesired structural changes. 

These problems can be overcome by utilizing x-ray resonant magnetic scat- 
tering (XRMS) techniques [10,11,12,13]. The observation of huge resonant en- 
hancements of the x-ray magnetic diffraction intensity near an absorption edge 
in actinide compounds, and the more modest, but still useful, enhancements in 
lanthanides has made this technique a unique element-sensitive magnetic probe 
for these materials. The largest class of magnetic materials in technological ap- 
plications and fundamental research contains transition metals which were so 
far inaccessible to conventional XRMS studies since they display no strong res- 
onances in the hard x-ray region. However, in the soft x-ray region the 1/2,3 
edges of 3d transition metals are displaying very strong resonant enhancements 
which can be utilized for XRMS experiments. Soft x-ray resonances at the rare 
earth M 4^5 edges are also vastly more intense than their hard x-ray counterparts, 
enabling unprecedented sensitivity and a wide range of experimental configura- 
tions. It is in general possible but cumbersome to disentangle geometry and 
magnetism in the scattering signal. In the following we want to review XRMS 
experiments on 3d transition metals where through a special choice of the mag- 
netic domain structure the magnetic scattering signal can be measured directly. 
This will allow us to probe the interface MCA as proposed in ref. [8]. 



2 Magneto-Crystalline Anisotropy 
and Ground-State Moments 



The magnetic anisotropy measures the change in ground-state energy with the 
direction of magnetization. It consists of two contributions due to the dipole- 
dipole interaction between magnetic moments and an electronic contribution, 
the MCA. The MCA energy, Emca is given by the spin-orbit coupling in the 
material. In 3d transition metals the crystalline field is of the order 1-2 eV. 
Spin-orbit coupling is much weaker, ca. 40-80 meV, and can be treated as a 
perturbation [2] . Its contribution to the Hamiltonian is 

His = S ^ Cs+] (1) 



where ^ and X = I • s are the radial and angular part, respectively, of the spin- 
orbit operator [14]. In a perturbation expansion His mixes an unperturbed state 
\gr) of energy Egr with exited states \ex) of energy Eex- The first non-zero 
contribution to the spin-orbit expectation value is of second order and given by 
[2,14,8,15] 



{1-s)=2^J2 



\{gr\l ■ s\ex)\^ 
E — E 

j^gr ^ex 



ex 



( 2 ) 
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Comparing Eq. (2) with the second-order contribution to the ground-state en- 
ergy, gives 

£;(2) = . s) (3) 

If we neglect spin- flip terms caused by the ladder operators lz^s± in Eq. (1) and 
assume that the majority spin states are completely hlled as would be the case 
for a ’hard’ ferromagnet we obtain the Bruno formula [16] 

E(^) = -^^M-{l) (4) 

Here M is a unit vector along the spin direction and (/) is the expectation value 
of the orbital magnetic moment. The minimum energy in Eq. (4) corresponds to 
the easy magnetization direction, along which a spontaneous magnetization 
would occur. The MCA energy, Emca^ can now be obtained by a difference 
measurement with the spins aligned parallel and perpendicular to £, i.e. Emca = 
E^f^ — e\^^\ This can be done using MCXD to probe (Z) [3,4] or MLXD to 
obtain (/ • s) [8,9]. If, however, Emca is large which is usually the case for a 
perpendicular easy magnetization axis [17] this method has the drawback that 
large magnetic helds are required to magnetically saturate the sample along 
the hard magnetization axis. It would, therefore, be advantageous to measure 
EmcA: through the anisotropy of (Z • s), directly. Erom Eq. (2) we can calculate 
the angular dependence of (Z • s) when the spins are forcefully aligned along M 
and obtain [8] 

(i.s) = (A,) + (A,)i[3(£.M)2-l] (5) 

In a difference measurement the isotropic part, (A^), cancels and the anisotropy 
of (Z-s) is given directly by the spin-orbit quadrupole moment (A^) = ^[^{IzSz) — 
(1 • s)]. Eq. (5) shows that Emca = f (^a) can be determined by obtaining (A^) 
in a collinear geometry, e.g. with M||e. We will demonstrate in the following 
how {Xa) can be measured directly with XRMS. 

3 The X-Ray Resonant Magnetic Scattering Amplitude 

The scattering signal measured in a diffraction experiment, I (x. \ 

(where q is the wavevector transfered in the scattering process), is the modu- 
lus square of the sum over all lattice sites, r^, of the scattering amplitudes, /^, 
weighted by a phase factor. In this chapter we will review how to derive the res- 
onant scattering amplitude and describe its relation to ground-state properties. 
This is of considerable importance for the interpretation of XRMS experiments. 
It is not intended to give a rigorous derivation but rather to highlight the salient 
features and give an application to the important case of 3d transition metal 
L 2 , 3 -edge dipole XRMS. 

The resonant scattering amplitude is determined by the p • A interaction 
between x-rays and matter. It is advantageous to expand this term into spherical 
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Bessel functions gi{kir) and spherical harmonics of and? as: p-e^ gi{kir) 
h^*(k^)l^(?^). Here, k^ and denote a unit vector of the photon momentum of 
the incident x-ray beam and the x-ray polarization, respectively [18]. Since the 
are angular momentum eigenfunctions it is possible to apply the framework 
of angular momentum coupling and obtain the scattering amplitude for 2^-pole 
transitions [18,19,20] 



2L L 

= 2X'^ h^l®o,ko,e/,k/)£;Lrl^^(w)EL (6) 

fi=0M=-L 

The significance of Eq. (6) is that it separates the x-ray polarization from the ex- 
pectation value of the frequency dependent transition operator, F^\u). 
depends only on the physical properties of the sample. The scattering amplitude 
is described by the linear combination of tensors of increasing rank /i. The sum- 
mation can be simplified by considering the symmetry properties of the physical 
system. A layered magnetic structure is characterized by cylindrical symmetry 
with the z-axis perpendicular to the layers. In this case only M = 0 is a totally 
symmetric representation that contributes to the M-sums in Eq. (6) [18]. 

In the following we will be only concerned with the case of electric dipole 
(El) transitions of 2p core electrons into the magnetic 3d shell. The tensor 

. 1 

4'^\eo,ef)EL = :: E {h P,h -pMYl{eo)Y^\ef) (7) 

^ P=-l 



and similarly 



1 

= {1,P,1,-P\P,0)J2 

p=-l I 



1 

2Xjg /\Ejg — hw — iF /2 



(8) 



is then given by the coupling of two vector moments into a scalar (/i = 0), a 
vector (yu = 1), and a tensor of rank 2 (yu = 2) [18]. This can be visualized by 
writing out in cartesian coordinates as [19] 



= eo • e/ 

° 167T " ^ 



Ai) _ 



3i 



Tq^'' = [3(eo ■ z)(z ■ e/) - gq ■ e/] 



( 9 ) 



(' 2 ') 

It is important to note that Tq ^ has the angular dependence of a quadrupole 
moment with a quantization axis along z. A similar structure will become ap- 
parent in Fq and it will turn out to be this term that measures the quadrupole 
moments of interest here. 

A great simplification of is obtained if the energy spread of the inter- 
mediate states, |/), is much smaller than the lifetime, F, of the core hole. In 
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this so-called ’fast collision approximation’ the resonant denominator in Eq. (8) 
together with radial integrals can be taken out of the sums and be treated as a 
constant factor, R{lj) [20,18]. The resulting expression 

f^\uj) = 2XR{oj)'£ (10) 

II 

probes only ground-state properties since the /-sum in Eq. (8) extends over the 
complete intermediate-state manifold, |/), i.e. Ui\I){I\ = 1. This treatment is 
identical to the well-known sum-rule analysis in MCXD and MLXD [21,22,8]. 

Luo et al. [20] showed that the functions in Eq. (10) can be written 

as linear combinations of spin and orbital coupled tensor operators, An 

orbital moment, x, is coupled with a spin moment, y, into a total moment, /i, 
which is the multipole moment of the charge and spin distribution in the valence 
shell [8]. The underscore denotes that the sum over single particle operators is 
taken over holes instead of electrons. The 3d shell contains moments such as the 
number of holes, = (n/^), the spin magnetic moment, = —2Sz^ 

the magnetic dipole term, the charge quadrupole moment, 

^ that are determined by crystalline field effects and the 

exchange interaction. Of particular interest are, however, such moments that are 
inffuenced by spin-orbit coupling such as the spin-orbit coupling itself, = 

(/ • s), the spin-orbit quadrupole moment, = |(Aa), the orbital magnetic 

moment, and the coupling of charge octupole moment and spin 

moment to a quadrupole moment, [20,18,8]. 

The scattering amplitude for /i = 0 is mainly proportional to the number of 
holes, i.e. (X n/^eo • ej. The higher-order moments have to be evaluated 

relative to a quantization axis, z. In general, z and the quantization axes of the 
orbital, e, and spin distribution, M, are different. Van der Laan [8] has shown 
that this leads to an extra angular dependence For instance, we 

obtain for M)) = —2SzC^{e)Cl{M) where are normalized 

spherical harmonics [8]. In 3d-transition metals the spin moment is much larger 
than the orbital moment and the magnetic dipole term [21,22,3]. The main 
contribution to the /i = 1 scattering amplitude, therefore, is from the 
term, i.e. oc Sz{eo xej)-M. This is identical to the angular dependence 

derived for the case of a magnetic ion with the magnetic moment oriented along, 
z, given in Eq. (9) [19]. 

The angular dependence of the quadrupolar scattering amplitude {y = 2) 
is more complicated. It consists of a linear combination of and 

[20,8]. The charge octupole moment (x = 3) should be small and we will, 
therefore, neglect the last term. The charge quadrupole moment is independent 
of M, i.e. = qzzC‘^{^)C^{M) with qzz = \ {^‘l ~ obtained along 

the quantization axis, e. This term contributes to the scattering amplitude as 
(X g^^[3(eo •?)(£• ej) —Go -ej]. The spin-orbit quadrupole moment, on 
the other hand, is determined by crystalline field effects and spin-orbit coupling. 
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Its angular dependence is given by [8] 

= ^{Xa) 0 ( 11 ) 

where n~^ is a normalization factor. This translates into a rather lengthy expre- 
sion in cartesian coordinates [23] which will not be given here. For our purposes 
it is sufficient to emphasize that is quadratic in both £ and M. We 

will see in the next chapter that it is exactly this quadratic dependence on M 
that allows us to measure (Xa) and to separate it from the other ground-state 
moments. 

4 Applications 

In this chapter we will review several experiments that were aimed at separating 
the three contributions to the El resonant scattering amplitude in Eq. (6). This 
approach is based on a well defined magnetic domain structure as shown in Fig. 
1. Regular domain patterns are a characteristic feature of many low-dimensional 
systems with phases stabilized by competing interactions [24] . In ultrathin mag- 
netic films such a domain structure can occur when the electron spins favor to 
align in a direction perpendicular to the film plane. It is the competition be- 
tween a perpendicular MCA and the dipolar spin-spin interaction that leads to 
the regular domain pattern in Fig. 1 [25]. The lowest energy state is character- 
ized by magnetic flux lines that are partially outside the sample. It was predicted 
already by Kittel [26] half a century ago that internal flux closure should pro- 
duce a high degree of order in the magnetic domains. In spite of the important 
fundamental and technological implications for ultrathin films such closure do- 
mains with a magnetization direction in the film plane are almost impossible to 
observe even with modern imaging techniques capable of sufficient lateral resolu- 
tion such as magnetic force microscopy (MFM). This is due to the fact that these 





Fig. 1. Magnetic force microscopy image of a 2/im x 2/xm area of a 400 A-thick FePd 
film grown epitaxially on a MgO(OOl) substrate [28] 
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techniques often monitor the magnetic stray held outside the sample as it is the 
case for MFM and provide hardly any information about the magnetic depth 
prohle within the layer. We will show in the next section that XRMS can easily 
perform such a task utilizing the hrst-order (/r = 1 ) magnetic scattering contri- 
bution. The following section will then describe experiments that determine the 
interface MCA in magnetic multilayers via the /i = 2 scattering term. 



4.1 Magnetic Depth Profile of Ultrathin FePd Films 

Epitaxial FePd(OOl) hlms grow in a crystalline structure that is characterized 
by alternating Fe and Pd atomic layers. The driving force for the perpendicular 
spin arrangement in Fig. 1 is the electronic hybridization between Fe 3d and 
Pd Ad electrons. At the Fe L 3 absorption edge the magnetic 3d valence shell is 
probed. The x-ray wavelength is with 17.5 A larger that the atomic spacing but 
still small enough to probe the magnetic domain periodicity of 900 A. 

The case of regular domain patterns results in an elegant way to separate 
the three El scattering contributions in Eq. ( 6 ). Using a scattering geometry 
as shown schematically in Fig. 2(a) the lateral domain periodicity leads to 
purely magnetic superstructure scattering peaks located symmetrically around 
the specularly reflected x-ray beam. For structurally well ordered hlms with 
smooth interfaces the charge scattering term in Eq. ( 6 ) contributes only to the 
specular peak. The two magnetic terms are linear and quadratic in M and cause 





Fig. 2. (a) Experimental geometry with x-rays incident along the stripe direction at 
grazing angle, 0. Scattered x-rays were detected by a photodiode mounted behind a 
rectangular apperture. (b) Diffraction scans with the wavevector, transferred along 
the y-axis. Left-circularly polarized (dotted line, I~) and right-circularly polarized 
(solid line, x-rays with energy tuned to the Fe L 3 absorption edge impinge at 
an angle ol 0 = 12° relative to the surface plane. The inset shows the values of 
I A = (7^ — + I~) for hrst-order (solid symbols) and second-order (open 

symbols) magnetic satellite peaks. [27] 
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magnetic peaks at wavevectors r and 2r, respectively jr is the domain peri- 
odicity) [10]. The observation of circular dichroism in the XRMS signal, /, i.e. 
its difference between left- and right-circular ly polarized photons, was used in 
ref. [27] to recover the phase information that is generally lost in diffraction 
experiments. 

In order to assess the scattering from the individual domains in Fig. 1 it is 
conventional to divide the light polarization into the two linear components a and 
7T that are perpendicular and parallel to the scattering plane, respectively. For 
the scattering geometry shown in Fig. 2 A and concentrating on the (^ = 1) term 
in Eq. (9) there are mainly two scattering paths producing 7r-polarized scattered 
light [27]. Perpendicular to the film cr-polarized incident radiation experiences a 
Faraday rotation producing a tt component [12,29] The other channel is tt — tt 
scattering leaving the incident 7r-polarization unchanged [13]. It occurs when M 
has a component perpendicular to the scattering plane as it is the case for the 
closure domains. Since bulk and closure domains are located at different lateral 
positions the x-rays scattered from them will experience a phase shift of 7t/2. 
Unfortunately, this phase shift between the a — tt and tt — tt scattering is lost 
when only one incident light polarization is used. However, the phase information 
can be retrieved with circularly polarized radiation. Left- and right-circularly 
polarized light is a combination of a and 7r-polarizations where the tt component 
is advanced or retarded with respect to the cr-polarization by a phase shift of 
7 t/ 2, respectively. As a consequence the scattering of circularly polarized x-rays 
from bulk and closure domains in Fig. 1 will result in a total phase shift of 0 or 
TT depending on the helicity, i.e. there will be either constructive or destructive 
interference, respectively, between the two scattering channels. This is expected 
to result in intensity changes of the magnetic superstructure peaks with incident 
light helicity that are indicative for the existence of closure domains. 

Typical XRMS scans obtained in ref. [27] are displayed in Fig 2(b). The spec- 
tra taken with opposite light helicities show clearly the hrst-order = ±r) and 
second-order = ±2r) magnetic peaks located symmetrically around the spec- 
ularly reflected x-ray beam. As expected from symmetry arguments the strong 
circular dichroism in the magnetic peaks reverses sign for negative qy [27]. The 
magnetization depth profile was obtained from XRMS spectra meassured at dif- 
ferent incidence angles [27,30]. The results are collected in the inset of Fig. 2(b) 
where the ratio of the difference to sum intensities, I a = (7^ — /“)/(/+ + 7“), 
is plotted for the hrst-order (solid symbols) and second-order (open symbols) 
magnetic peaks. The signals for both magnetic satellite peaks show strong mod- 
ulations with 0. This is caused by a change in the phase relationship between 
closure and bulk domain layer as the wavevector perpendicular to the him is 
varied. By modeling this variation (lines in the inset of Fig. 2) the closure do- 
main layer thickness of 83 Awas obtained [30]. This corresponds to a signihcant 
fraction of the total him thickness (400 A). 
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Fig. 3. (a) Fe Ls-edge XRMS scans from a Fe(16A)/CeH2(10A) multilayer measured 
at the indicated temperatures, (b) Temperature dependence of the normalized and 
background corrected intensity of the first-order (open circles) and second-order (solid 
circles) magnetic peaks of the spectra shown in (a) [ 34 ]. The lines serve as guides to 
the eye 



4.2 Interface Magneto- Crystalline Anisotropy 
of Fe/CeH 2 Multilayers 

Fe/CeH 2 multilayers display a spin reorientation transition as the temperature 
is lowered below about Tr 240iF [31]. While above Tr an in-plane spin ori- 
entation is favored the spins rotate out-of-plane when the perpendicular MCA 
overcomes the in-plane shape anisotropy. It has been demonstrated that the 
MCA is an interface property since the spin reorientation is absent in samples 
where a LaH 2 layer was inserted at the Fe/CeH 2 interfaces [32]. The micro- 
scopic nature of the MCA is, however, still under debate. One explanation could 
be a strongly temperature dependent MCA of the interface Fe layer. Similar 
effects have been observed in other itinerant ferromangets [33]. For the Ce in- 
terface atoms a different mechanism can lead to a perpendicular MCA. This is 
especially pronounced at low temperatures when the indirect exchange coupling 
between the Fe 3d and Ce 4/ shell mediated by the Ce 5d electrons induces a 
significant 4/ magnetic moment. In this single-ion anisotropy picture the strong 
crystalline field of the transition metal interface atoms acting on the large or- 
bital quadrupole moment of the 4/ shell pulls the spins out-of-plane [35]. In this 
chapter we will discuss experiments that allow us to differentiate between these 
two mechanisms by probing the magnetic domain configurations and the MCA 
element resolved. 

Below Tr the magnetic structure of Fe/CeH 2 is again characterized by a 
multidomain configuration similar to the one shown in Fig. I. This is appar- 
ent from Fe L 2 , 3 -edge XRMS scans displayed in Fig. 3(a). The spectra were 
measured with linearly polarized x-rays at an x-ray incidence angle of 15*^. As 
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Incidence angle (degrees) 




Fig. 4. Intensity changes of A) the specular peak, B) the first-order magnetic peak 
and C) the second-order magnetic peak as the x-ray incidence angle is varied through 
the hrst-order multilayer Bragg condition. The spectra are offset vertically for clarity. 
Measurements were taken at the Fe L 3 edge for a sample temperature of 200 K. The 
lower part of the hgure shows schematically how the x-ray standing wave held intensity 
(black sinusoidal areas) varies across the Bragg condition. The Fe and CeH 2 layers are 
indicated as light and dark shaded areas, respectively [34] 



expected for a stripe domain structure they show clearly the two magnetic satel- 
lite features located symmetrically around the specular peak. The satellite peaks 
appear below the spin reorientation transition and become more pronounced as 
the temperature is lowered further. Also weak fourth-order magnetic peaks be- 
come discernible at temperatures of 50 K and below. In addition the domain size, 
L, varies with temperature. This is evident from the changing position of the 
magnetic superstructure peaks, t= 27 t/T. This results in domain sizes between 
22OOA and 2500A. The two magnetic scattering signals show distinctly differ- 
ent temperature behaviors. This is clearly visible in Fig. 3(b) which shows the 
background corrected intensity of the two scattering features for various sam- 
ple temperatures. While the second-order scattering yield saturates below 100 
K the first-order intensity increases down to the lowest measured temperature. 





56 



H.A. Diirr 



This is a clear indication that the two satellite features measure indeed different 
magnetic properties as described in section 4. 

A further proof would be to show that first- and second-order magnetic scat- 
tering originates from different parts of the Fe layer. To this end dynamical 
scattering effects were used in ref. [34] as a more direct approach to interface 
magnetism. This technique is well known from structural studies in single crys- 
tals where standing x-ray wave fields are set up near certain Bragg conditions 
[36] . As the transferred wavevector is scanned through the Bragg peak two types 
of standing wave fields can be produced. They have their intensity maxima ei- 
ther at the position of the atoms or in-between them. Therefore, the amount 
of absorbed photons and, thus, the diffracted intensity depends on the type 
of standing wave field. In analogy to this technique wave fields were set up in 
Fe/CeH 2 multilayers. Interface sensitivity is achieved by tuning the scattering 
conditions so that the x-ray intensity maxima in the multilayer coincide with 
the position of the interfaces. This is demonstrated in Fig. 4 where the specular 
intensity (curve A) together with the first- (curve B) and second-order scattering 
peak height (curve C) is plotted as the x-ray incidence angle is varied through 
the first multilayer Bragg condition. At resonance the x-ray structure factor is 
large enough so that a diffracted wave with sufficient intensity is formed in order 
to create standing wave fields inside the multilayer. Since at the Fe L 3 resonance 
the 3d valence shell is probed the reflected specular intensity monitors the case 
when the wave field maxima pass through the Fe layers. With decreasing inci- 
dence angle the wave field maxima are continuously shifted towards the CeH 2 
layer center [36] and the specular intensity decreases. The sharp intensity de- 
crease at the high- angle side is caused by the reflected x-rays moving partly off 
the detector. The first-order magnetic satellite intensity follows closely that of 




q/27i(10-'Ab 

Fig. 5. Ce Ms-edge XRMS scans from a Fe(16A)/CeH2(10A) multilayer measured at 
10 K without (solid line) and with an applied field of 1 T (dashed line) [34] 
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the specular intensity. In contrast the second-order magnetic satellite intensity 
peaks at signihcantly different incidence angles corresponding to the position 
when the wave field maxima move towards the CeH 2 layer centers. 

This demonstrates that the first-order scattering contribution probes mainly 
the Fe 3d magnetic moment and is strongest when the wave field maxima are 
within the Fe layers. The second-order contribution is a measure of the spin-orbit 
quadrupole moment, (Aa). It is localized at the Fe interface layer and largely re- 
sponsible for the observed spin reorientation. The Fe interface MCA as monitored 
by the second-order scattering intensity shown in Fig. 3(b) first increases and 
saturates below 100 K. The first-order scattering intensity still increases in this 
temperature range indicating that the Fe spins are still not completely aligned 
along the sample normal. This points to an additional contribution to the total 
MCA at low temperatures possibly due to a Ce 4/ single-ion anisotropy. Evi- 
dence for such a mechanism comes from XRMS scans at the Ce M 4 ^ 5 -edges in 
Fig. 5 that monitor the temperature dependence of the Ce 4/ domain structure. 
At 100 K and below weak first-order satellite peaks are observed [34] when the 
domain structure is quenched in an applied magnetic field of 1 T. Although the 
second-order scattering contribution is too weak to be discernible in these XRMS 
measurements the strong 4/ spin-orbit interation will give rise to a quadrupole 
moment which can then become aligned by crystalline field effects at the Fe 
interface, thus, leading to a single-ion anisotropy at the interface. 

5 Summary and Outlook 

Soft X-ray resonant magnetic scattering has developed into a very valuable tool 
for element and site resolved studies of magnetic properties. Especially for 3d 
transition metals the magnetic scattering effects are large and allowed a detailed 
investigation of the magnetic dipole scattering contributions which were shown 
to probe different magnetic ground-state moments. Although the experiments 
presented here were restricted to a specific magnetic domain configuration the 
concepts can be generalized and applied also to single-domain samples. There 
have even been first attempts to obtain the magnetic moments quantitatively 
using sum-rule analysis [11]. A vast potential for applications exists. The large 
magnetic scattering yield makes it possible to study ’dilute’ systems such as 
surfaces of single-layer films [37,38]. Stripe domains seem to be a rather common 
phenomena in low-dimensional systems. The described scattering experiments 
can then be applied to study directly the valence shell responsible for spin, 
charge and orbital ordering in transition metal compounds [39]. With the recent 
development of high-brilliance synchrotron radiation sources it is possible to use 
coherent x-rays in order to probe the temporal correlation functions [40] of the 
various ground-state properties. Eurthermore, there have been first attempts to 
generate femtosecond x-ray pulses [41]. This will enable pump-probe experiments 
in the not too distant future. Resembling laboratory based laser experiments 
[42] an optical laser pump-pulse would then be used to drive the system into 
an non-equilibrium state which is then probed with a time delayed x-ray pulse. 




58 



H.A. Diirr 



Using soft x-ray resonant magnetic scattering this can be expected to result in 
unprecedented sensitivity to magnetic relaxation processes. 
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Abstract. First-principles electronic structure studies based on local spin density 
functional theory and performed on extremely complex simulations of ever increas- 
ingly realistic systems, play a very important role in explaining and predicting various 
magnetic properties. This review deals with one of the most challenging issues for first- 
principles theory, namely the determination of magnetostriction in transition metal 
systems. As is demonstrated, extensive first-principles calculations and model analyses 
provide simple physical insights for this complex phenomenon. 



1 Introduction 

State-of-the-art ab initio density functional electronic structure calculations have 
achieved great success in the exciting field of thin film magnetism, in both ex- 
plaining existing phenomena and, more importantly, in predicting the properties 
of new systems [1,2]. The prediction of enhanced magnetic moments with low- 
ered coordination number at clean metal surfaces and interfaces has stimulated 
theoretical and experimental investigations for new magnetic systems and phe- 
nomena in man-made transition metal thin films, which has accompanied the 
renaissance of magnetism in the last decade. The giant magneto-resistance in 
spin valves and other magnetic multilayers has already had a major impact on 
the magnetic recording industry [3,4,5] . 

Anisotropic magnetostriction, as sketched in Fig. 1, is generally described as 
the deformation of a body in response to a change in its direction of magnetiza- 
tion through application of a magnetic field. In many technical applications such 
as for electric transformers, motor shielding, and magnetic recording, magnetic 
materials with extremely small magnetostrictive coefficient, A (defined as A oc 
are required. By contrast, materials with large A are needed for many 
applications in electromagnetic micro devices as actuators and sensors [6,7]. The 
strongest magnetostriction (A can be up to 10“^) was found in either elementary 
rare earth metal (under low temperature and high magnetic field) and in various 
compounds with rare earth metals and transition metals [8,9]. 

Despite the tremendous advances in modern electronic structure theory for 
studies in materials science, magnetostriction has been rarely attacked until very 
recently, due to its intrinsic complexity. In principle, the magnetostrictive coef- 
ficient A can be determined through two separate total energy optimizations 
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Fig. 1. Sketch of anisotropic magnetostriction. 



forA(O^) and A(90*^) of a given system. The main difficulty is that the energy 
separation for these two directions, the so-called magneto-crystalline anisotropy 
(MCA) energy {Emca = ^(90^) — E{0^)) due to spin-orbit coupling (SOC), is 
extremely small (a few meV/atom) in most of transition metal systems, espe- 
cially those with cubic symmetry. Using the torque[10] approaches based on the 
full-potential linearized augmented plane wave (FLAPW) method [11], we can 
now obtain a highly reliable MCA energy (with a precision up to 0.2 /reV/atom 
in some cases) and its strain dependence, a key gradient for magnetostriction. 

The aim of the present review is to provide some examples of our recent 
theoretical developments for the determination of magnetostriction using the 
expanded capabilities and new functionalities of the FLAPW method. The re- 
sults presented here indicate that high quality ab initio calculations of magnetic 
systems can achieve high accuracy and precision for magnetostriction in a wide 
range of transition metal and rare-earth metal systems. 

2 Methodology 

2.1 FLAPW Approach 

In the thin film version of the FLAPW method, the space is divided into three 
regions, namely, the near nucleus muffin-tin region, the vacuum region and the 
remaining interstitial region [11]. The wave function, potential and charge den- 
sity are expended in a “natural” way without any artificial shape approxima- 
tions, which ensures the accuracy and precision of electronic properties obtained 
through FLAPW calculations. Single particle Kohn-Sham equations are solved 
self-consistently until the root-mean-square difference between the input and 
output charge densities is less than 1.0x10“^ e/a.u.^. The exchange-correlation 
interactions among electrons are described by using either the local density ap- 
proximation (LDA, von-Barth-Hedin formula [12]) or the generalized gradient 
approximation (GGA, Perdew-Burke-Ernzerhof formula [13]). The core states 
are treated fully relativistically (by solving the Dirac equations), while the va- 
lence states are treated semi-relativistically [14]. To investigate magnetostriction 
and magneto-crystalline anisotropy, the SOG is invoked second-variationally. 
Atomic structures are optimized using total energies and atomic forces. 
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2.2 Spin-Orbit Coupling and Magneto-crystalline Anisotropy 

As known, the spin-orbit coupling = ^s • L) is the most important origin 

of magnetic crystalline anisotropy (MCA). The so-called shape anisotropy term, 
which results from the magnetostatic dipole-dipole interactions between local 
magnetic moments, is usually negligible. In most ab initio calculations, the MCA 
force theorem [15,16] 



Emca = E{90°) - E{0°) = ^£*( 90 °) - ^ £^( 0 °) + 0 ( p ") ( 1 ) 

occ' occ” 



has been adopted for the determination of Emca- Here £i stands for the band 
energy of the i-th state. Strong numerical uncertainties have been inherent in 
most previous ab initio MCA calculations [17] because the sets of occupied states, 
i.e., {occ’} and jocc”}, were determined through the Fermi hlling scheme which 
relies on the very limited information from the eigenvalues, Si. Hence, one had 
to use a huge number of k-points (>10,000 in the two dimensional Brillouin zone 
for thin films) to obtain reliable Emca values and thus only few systems (e.g., 
free monolayers or simple alloys) could be treated. 

We proposed a simple solution for this problem by using the state tracking 
approach in which the (occ’} and {occ”} states are determined according to 
their projections back to the occupied set of unperturbed states [18]. Since this 
procedure ensures the minimum change in the charge and spin densities, as 
required by the force theorem, and excludes possible randomness in the Brillouin 
zone (tracking at a given k-point), very stable Emca results have been obtained 
with a relatively small number of k-points for magnetic thin films. 

The torque method can further depress the remaining uncertainties result- 
ing from the SOC interaction between near-degenerate states around the Fermi 
level (so called surface pair coupling) [10]. To demonstrate the idea of the torque 
method, recall that the total energy of a uniaxial system can be well approxi- 
mated in the form 

E = Eq ^ k2 sin^ 9 ^ sin^ 0 (2) 

Its angular derivative (torque) is thus 

dE 

T = — — = sin 26{k2 + sin^ 0) (3) 

dO 

Here 6 is the angle between the normal axis and the direction of magnetiza- 
tion. If we apply the Feynman-Hellman theorem, Emca can be evaluated finally 
(note that only • L depends on 0 in the Hamiltonian as 



dH^ 



EMCA = J2(^l\-^m)\e=450 






qhSoc 

de 



|!^/)|0=45O 



(4) 



where is the i — th perturbed wave function. 

Very stable results of MCA energies can be obtained through the state- 
tracking and torque approaches with a reasonable number of k-points (about 
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200 in the 2D-BZ for thin films). This allows us to (1) make explanations and 
predictions for many magnetic thin films of practical importance; (2) provide 
physical insights for Emca at the most fundamental level (e.g., band struc- 
ture, wave functions and ligand interaction), which was thought to be extremely 
complex; and (3) as elaborated below, to study magneto-elastic coupling and 
magnetostriction [19]. 



2.3 Magnetostriction 



In general, the size of the magneto-elastic strain induced by rotation of the 
magnetization depends on the directions of the measured strain and of the spin 
moment with respect to the crystalline axes of the material. For a cubic material, 
the directional dependence of the fractional change in length can be expressed 
in terms of the direction cosines of the magnetization (a) and of the strain 
measurement direction (b) with respect to the crystalline axes [7] 



Al 3. 






Li=i 



+ 3Aiii aif3iajf3j 






( 5 ) 



If the measurement is carried out along the (001) direction, for example, 
Px = Py = ^ and Pz = 1-0 then Eq. 5 can be simplified as 



3 r 2 -1 1 

-r~ = T^ooi [o^z - tj 

to z 



or further, for svstems with a single 






_ 2 /( 0 °) -/( 900 ) 
“ 3 h 



(6) 

(7) 



Clearly, Aqoi represents the change in length along (001) when the magneti- 
zation turns from the x,y plane to the z direction. 

The equilibrium lengths, l{0)^ can be obtained by fitting the calculated total 
energies as quadratic functions of I 



E{0^) = af + 6/ + c; E{90^) = + 6/ + c + Emca (8) 



and so 

^ _ ‘^^'mCA /n\ 

Here , which is much smaller than the value of 6. Note that 

h is always negative (since both a and the equilibrium length are positive), and 
thus A and always have the same sign. 



3 Results and Discussion 

Magnetostrictive coefficients were calculated for many systems in the last few 
years by us and also by several other authors (e.g., Eriksson et al [20], Guo [21], 
Fahnle et al [22]). Here we discuss results for a few selected systems, mainly 
through our FLAPW calculations. 
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3.1 Cubic Transition Metal Bulks 

As an important benchmark test, the magnetostriction coefficients of cubic bulk 
magnetic transition metals are studied first. The calculated total and MCA en- 
ergies for bcc bulk Fe are plotted in Fig. 2. Clearly, Emca can be fitted well by 
a smooth curve versus the vertical strain. This validates the usage of the large 
range of lattice strain 10%) in calculations. The slope of Emca and thus the 
magnetostrictive coefficient are positive, indicating that the bulk Fe stretches 
along the direction of magnetization, a conclusion that agrees well with experi- 
ment. Note that theory also predicted a large non-linear term in the Emca ~ I 
dependence. This term may contribute to the strain-induced magnetic aniso- 
tropy (an inverse effect of magnetostriction), especially in magnetic thin films 
grown epitaxially with large lattice mismatches. 

Quantitatively, the value of Aqoi depends sensitively on the distortion mode 
(i.e., Poisson’s ratio). As listed in Table 1, the value of Poisson’s ratio for Fe, Co 
and Ni optimized through total energy minimization is in the range of 0.37-0.48, 
which is reasonably close to that obtained using the measured elastic stiffness 
constants (a = — ci 2 /(cn + C 12 )) for bulk Fe and Ni (0.37-0.38) [23]. As a re- 
sult, satisfactory quantitative agreement is achieved for Aqoi between our (zero 
temperature) theory and experiment for all these three metals. 

The theoretical result can be further improved by using the GCA formula. As 
seen in Table 1, LDA leads to a 3% underestimation for the lattice constant and 
a more substantial difference for the spin magnetic moments at the equilibrium 
geometry. With GCA, the calculated values of most magnetic properties are 





Fig. 2. The calculated total energy (solid line) and MCA energy (dashed line) for the 
bcc bulk Fe using LDA. 
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Table 1. The lattice constant, a Poisson’s ratio, s, spin moment, Ms, orbital mo- 
ment, Ml, and magnetostrictive coefficient, Aooi, for bulk Fe, Co and Ni obtained 
with FLAPW calculations. 





a(a.u.) 


a 




) Ml(mb) Aooi(10-“) 


bcc Fe 


LDA 


5.20 


-0.409 


2.05 


0.048 


52 


GGA 


5.37 


-0.486 


2.17 


0.045 


29 


EXP 


5.41 


-0.368 


2.22 


0.05-0.08 


21 


fee Co 


LDA 


6.48 


-0.374 


1.59 


0.076 


92 


GGA 


6.67 


-0.396 


1.66 


0.073 


56 


EXP 


6.70 


- 


1.72 


0.12 


79 


fee Ni 


LDA 


6.46 


-0.332 


0.62 


0.049 


-63 


GGA 


6.64 


-0.376 


0.66 


0.050 


-56 


EXP 


6.66 


-0.376 


0.57 


0.05 


-49 



improved, especially for Fe in which the number of holes in its majority spin 
band is very sensitive to the change of environment. Changes for Co and Ni are 
less dramatic since their majority spin bands are full in both LDA and GGA 
calculations. 

Physically, the strain induced Emca results from changes in the band struc- 
ture. For instance, a lattice shrinkage along the z-axis for bcc Fe induces some 
charge transfer from the d^ 2 _y 2 state to the state, which in turn increases 
negative contributions to the MG A energy [24]. 

An orbital polarization term has been employed in some first principle calcu- 
lations to improve results of orbital magnetic moments. This term was introduced 
to take account the effect of Hund’s second rule and indeed improves some results 
such as for the orbital magnetic moment, however, was found to significantly 
overestimate Emca and thus magnetostriction. For bulk fct Ni, for example, 
Hjortstam et al [20] obtained magnetostrictive coefficients, Aqoi = —270 x 10“^ 
and Am = —107 x 10“^, that are more than three times larger in magnitude 
than experiment [25,26,27], Aqoi = —49 ^ —71 x 10“^ and Am = —39 x 10“^. 

3.2 Fe, Co and Ni Alloys 

Fe, Go and Ni magnetic alloys are widely used in magnetic recording technology 
and invar materials. Despite the fact that their magnetic properties are being 
studied in great detail both experimentally and phenomenologically [28], until 
very recently there was no microscopic theoretical description of the magnetic 
anisotropy and magnetostriction for these systems. Results obtained through our 
FLAPW-GGA calculations are listed in Table 2. The optimized lattice constants, 
elastic constants and magnetic properties agree very well with experiment [29] . 
FeGos, FeNis and GoNis alloys have the LI 2 structure while FeGo adopts the 
B 2 structure. They have cubic symmetry and thus zero Emca (since the x and 
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Table 2. Calculated lattice constants, Emca, Poisson’s ratio and magnetostrictive co- 
efficient for Fe, Co, and Ni ordered alloys, accompanied by corresponding experimental 
data in parentheses . 





FeGo 


CO 

O 

o 

A 

fe 


FeNi 


FeNia 


GoNi 


CoNia 


a(a.u.) 


5.38 


6.70 


6.76 


6.70 


6.62 


6.66 




(5.39) 




(6.76) (6.71) 


(6.67) 


(6.65) 


c(a.u.) 


5.38 


6.70 


6.76 


6.70 


6.78 


6.66 




(5.39) 




(6.76) (6.71) 


(6.67) 


(6.65) 


Emca 


0 


0 


63 


0 


143 


0 


a 


-0.35 


-0.36 


-0.33 


-0.35 


-0.34 


-0.36 


Aooi(10“®) 


83 


-68 


10 


27 


42 


33 




(125) 




(12) 


(13) 


(40-120) 





z axes are identical). By contrast, the cubic symmetry is broken in the FeNi 
and CoNi alloys, and they have a uniaxial Emca as large as 63 meV/cell and 
143 meV/cell, respectively. FeNi adopts the cubic LIq geometry, while the c-axis 
of CoNi is 2.4% longer than its a- axis. The calculated spin magnetic moments 
of Fe, Co and Ni atoms are enhanced significantly from their bulk values. For 
example, the spin magnetic moment of Fe (Co) is as large as 2.85 (1.83) /i^ in 
FeCo. 

To calculate the magnetostrictive coefficients, the length of the c-axis is used 
as a parameter. The Emca appears to be a smooth function of the lattice strain 




Fig. 3. The lattice constant, a, Poisson’s ratio, cr, spin and orbital magnetic moments 
(Ms and Ml) and the magnetostrictive coefficient, Aooi, for cubic magnetic bulks using 
GGA. 
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Fig. 4. Band filling depedence of MCA energy for FesGa^ FesAl^ FesGao.bAlo,^ using 
GGA. Vertical lines show the positions of real Fermi levels. 



for each system studied. For instance, the calculated total energy and MCA 
energy for FeNi3 are plotted in Fig. 3 versus the lattice distortion along the z- 
axis (/ is 6.66 a.u.; the minimum-energy distortion mode is adopted here). The 
calculated magnetostrictive coefficient from the curvature of the total energy 
curve and the slope of the Emca curve is 23 x 10“^ for FeNis, a value which 
is much larger than the measured results for a Fe3oNi7o polycrystalline sample, 
13 X 10“^ [29]. The measured data, however, strongly depend on the temperature 
and composition. The calculated magnetostrictive coefficients for FeNi and CoNi 
also agree well with experiments [29] . 

The values of Emca for permalloy (Fe2oNi8o) are also given in Fig. 3. Note 
that these results are obtained from the FeNi3 band structure using a rigid 
band model; they thus reflect only the effects of a change of composition (or 
more exactly, the change of number of valence electrons in the unit cell). The 
calculated magnetostrictive coefficient for this pseudo-permalloy (11.7 x 10“^) 
is much smaller than that of the FeNi3 crystal. Experimentally, it is known 
that the magnetostrictive coefficient of permalloy is close to zero. The change in 
number of valence electrons certainly plays a very important role in weakening 
the magnetostriction. 

Magnetostriction in Fe-Ga and Fe-Ga-Al alloys attract some interest recently 
due to potency of making strong magnetostrictive materials [30]. FLAPW cal- 
culations found that the magnetostrictive coefficient of Fe3 A1 is very small 
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Table 3. Calculated and measured (in parentheses) lattice constant, a, total magnetic 
moment per perimitive unit cell, M, spin magnetic moment of itinerant electrons in 
rare-earth (Mre) and transition metal Mtm, and magnetostrictive coefficient, Aooi for 
different compounds. 



a (a.u.) M{ijLb) 


Mre(ij^b) 


Mtm(iJ'b) 


Aooi(10 ^) 


GdCo2 13.72(13.68) 4.99(4.9) 


0.46 


-1.24 


-407(-1200) 


NdCo2 13.84(13.77) 5.28(3.8) 


0.32 


-1.14 


-171 


SmCo 2 13.74(13.71) 2.73(2.0) 


0.52 


-1.26 


-290 


ErCo2 13.70(13.50) 7.06(7.0) 


0.28 


-1.10 


-516(-1000) 


GaFea 13.85(13.94) 3.85(2.8) 


0.58 


-1.96 


44(39) 



(< 5 X 10“^). Rigid band model analyses indicate, however, a strong sensitivity 
of Aooi on the band filling as shown in Fig. 4. If some A1 atoms are substituted 
by Mg atoms (e.g., FeeAlMg), we found from both rigid band model analy- 
ses and FLAPW calculations for FeeAlMg that the magnetostrictive coefficient 
Aooi indeed becomes large (ca. +150 x 10“^). The calculated Aooi for FesGa is 
-106 X 10 a value which indeed much larger than that for bulk Fe (cf. Table 
1). Electronic structure analyses indicate that the magneto-elastic coupling in 
FeaGa is linked to the strain dependence of Fermi surface of the Fe-dxz-yz state 
(majority spin) around the center of Brillouin zone [31]. 



3.3 Rare Earth Intermetallic Compounds 

Rare-earth intermetallic compounds have attracted great attention since the 
late 1960’s due to their extraordinary magnetic properties, especially their large 
magnetostrictive coefficients (10“^) at room temperature [6, 7, 8, 9]. While it was 
believed that the localized rare-earth 4f states play a dominant role in magneti- 
zation and magneto-elastic coupling, recent experiments found that the effects 
of itinerant states can be equally important [6,7]. Although a phenomenological 
approach was developed long ago to describe the dependence of single crys- 
tal magnetostriction on magnetization and measurement directions, the magne- 
tostrictive coefficient for a given material, especially the contribution of itinerant 
electrons, has never been accurately calculated. 

Very recently, we investigated the magnetostrictive properties of two proto- 
type rare-earth intermetallic compounds, namely, GdGo 2 and GdFe 2 [32]. Both 
compounds adopt the G15 cubic Laves phase structure, a close-packed arrange- 
ment of spheres with two different sizes. Through total energy minimization, 
the calculated equilibrium lattice constants for GdGo 2 and GdFc 2 are 13.65 a.u. 
and 13.85 a.u., respectively. These values agree very well with their experimental 
counterparts, 13.69 a.u. and 13.94 a.u. [9] - indicating the validity and accuracy 
of our local density FLAPW calculations for these compounds. As expected, the 
calculated atomic forces on all the atoms are zero in a range of ±2.5% lattice ex- 
pansion/compression. Thus the G15 cubic Laves phase is a very stable structure 
for these materials. 
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The spin magnetic moment for Gd is 7.46 /i^ (7.0 /i^ from the 4f shell 
and 0.45 fiB from the valence band) in GdCo 2 , while it is enhanced to 7.58 
fiB (0.58 II B from the valence band) in GdFe 2 . For both systems, the orbital 
magnetic moment of Gd remains very small (0.021-0.025 /i^). In agreement with 
experiment, the magnetic moments of Go and Fe align anti-parallel to that of 
Gd. The spin and orbital magnetic moments of the Go atom in GdGo 2 are -1.24 
fiB and -OAlfiB, respectively. The calculated total magnetic moment (spin and 
orbital parts, including contributions from the interstitial region) for GdCo 2 is 
4.99 II B^ which agrees very well with experiment (4.9 ^^). As listed in Table 3, 
although the magnetic moments of rare earth atoms vary signihcantly in different 
compounds, the spin magnetic moment of Co retain almost as a constant (1.10 
^ 1.26 iib)- 

The calculated total energies (AE) and Emca for GdCo 2 are plotted in 
Fig. 5 versus the length of the unit cell along the z-axis. The total energy can 
be well fitted by a third order polynomial but not by a parabola - indicating 
the importance of nonlinear elasticity in this system. The calculated Emca 
in Fig. 5 is also a monotonic smooth function of 1. The large negative slope 
of the Emca{1) curve indicates that GdCo 2 contracts along the direction of 
magnetization. The calculated Aqoi is —407 x 10“^. While this value is much 
larger than the magnetostrictive coefficients for magnetic transition metals (20 ^ 
70 X 10 ^), it is still considerably smaller than the early experimental value of 
-1200 X 10 which in under scrutiny by experimentalists now. The calculated 
magnetostrictive coefficients for other compounds are also listed in Table 3. Note 
that the 4/-states of all rare earth elements are treated as atomic core levels with 
spherical charge distributions; thus the magnetostrictive coefficients are only due 




13.20 13.40 13.60 13.80 14.00 14.20 

/ (a.u.) 



Fig. 5. Calculated total and MCA energies for cubic GdCo2 using LDA. 
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to the contributions of among the itinerant electrons and thus not subject 

to direct comparison with experiment. Significantly, the contributions are a few 
hundreds ppm (10“^) large, which are obviously comparable to those from the 
stiff anisotropic charge distributions of the 4/electrons [7,8]. 

We also investigated the spatial anisotropy of magnetostriction in GdCo 2 . 
The calculated Am for GdCo 2 is positive (19 x 10“^), a result which agrees 
with experimental data (~10 x 10“^). The Young’s modulus for a distortion 
along the (111) direction is found to be about four times larger than that along 
the (100) direction. 

The calculated magnetostrictive coefficient for GdFc 2 is positive, +44 x 10“^, 
and very close to experiment, Ag = +39 x 10“^ [7]. Using a rigid band picture, 
we found that the difference in the magnetostrictive behaviors of GdFc 2 and 
GdGo 2 is mainly due to the change in band filling. A compound, GdFc:cCo 2 -a; 
(x=0.9-1.2) is predicted to be a strong magnetostrictive material with a positive 
sign for Aqoi (+450 x 10“^). 
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Abstract. A novel approach to electronic correlations in magnetic crystals which takes 
into account a dynamical many-body effects is present. In order to to find a frequency 
dependence of the electron self energy, an effective quantum-impurity many-particle 
problem need to be solved within the dynamical mean-field theory. The numerically 
exact QMC-scheme and the spin-polarized fluctuation exchange approximation are 
used for the self-consistent solution of this single-site many-particle problem. The cal- 
culations of effective exchange interaction parameters based on the realistic electronic 
structure of correlated magnetic crystals have been discussed. 



1 Introduction 

The calculation of thermodynamic properties and excitation spectra of different 
magnetic materials is one of the most important problems of the microscopic 
theory of magnetism. A modern computational material science is based on the 
density functional (DF) approach [1]. It is a common practice to use this scheme 
not only for the total energy calculations and related quantities such as charge 
and spin densities, but also for different spectral characteristics. Sometimes an 
agreement of the computational results with the experimental data is very im- 
pressive, despite the absence of a reliable theoretical background. In principle, 
the energies of Kohn-Sham quasiparticlies [1] which are calculated in a stan- 
dard band theory are just auxiliary quantities for the total energy calculation. 
Among all achievements of the quantitative electronic theory a list of difficulties 
and shortcomings grows, especially when one consider the magnetic d- and f- 
electron systems. In a number of cases the theory appeared to be qualitatively 
inadequate. First, the DF scheme cannot describe correctly the phenomenon of 
“Mott insulators” [2], as it was first shown by Terakura et al [3] in attempt to 
calculate the electronic structure of 3d-metal oxides. Later we faced similar prob- 
lems in field of the high-Tc superconductors [4] and other compounds [5]. The 
Ce- and U- based “heavy fermion” compounds such as CeCue, UPts, etc, are an- 
other “hot-spots” : normally the calculated values of effective masses are orders 
of magnitude smaller than the experimentally observed ones [6]. Even for the 
pure 3d metals some qualitative differences between the theory and experiments 
exists. For example, there are at least three difficulties with the photoelectron 
spectra of ferromagnetic nickel [7]: (i) the measured width of the occupied part 
of d-band is 30% narrower than the calculated one (ii) the spin splittings is 
twice smaller than in the LSDA and (iii) the band structure cannot describe 
a famous 6 eV - satellite. Calculations for paramagnetic spin-disordered states 
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[8] lead to the conclusion that Ni has no local magnetic moments above the 
Curie temperature Tc, in a clear contradiction with experimental results [9]. For 
iron, a standard band theory cannot explain the data about spin polarization of 
thermionic electrons [10,11,12] and some features of angle-resolved photoemision 
spectra [13,14,12]. All these difficulties put many questions to the DF approach: 
what are the “electron spectrum” which we really calculated and how one can 
improve the electronic theory for magnetic d- and f- systems? 

It was understood many years ago that all this problems are connected with 
inadequate description of many-body effects in DF calculations of the excita- 
tion spectra. Such methods as GW [15], LDA+U [5] and SIC (Self-Interaction 
Correction approximation) [16] have been proposed to improve the situation. 
This methods are very useful for the description of antiferromagnetic transition- 
metal oxides as the Mott insulators [16,5]. However, one should note that both 
LDA+U and SIC are just the mean- field approximations and cannot describe 
the correlation effects which are, by definition, the many-body effects beyond 
the Hartree-Fock. For example, in these approaches one need spin or orbital or- 
dering to describe the Mott insulator and it is impossible to describe correctly 
electronic structure of NiO or MnO in paramagnetic phase. At the same time, 
the magnetic ordering should not be important for the basic physics of Mott 
insulators [2] . All the “Hartree-Fock-like” approaches fail to describe the renor- 
malization of the effective mass in the heavy fermion systems. There are also 
many problems concerning the electronic structure and itinerant magnetism of 
3d metals as described above. Thus, one need some practical ways to incorporate 
correlation effects in the electronic structure of solids. 

In principle, there are two ways to include them into DF calculations. The 
first one is the use of time- dependent DF formalism which can guarantee, in prin- 
ciple, an opportunity to calculate exact response functions [17], in the same sense 
as the Hohenberg-Kohn theorem guarantees the total energy in usual “static” 
DF [1]. However, all the expressions for this time-dependent non-local DF in 
real calculations are based on RPA-like approximations which described not 
satisfactory the really highly correlated systems. They are excellent for investi- 
gation the plasmon spectrum of aluminum, but not for understanding a nature 
of high- Tc superconductivity or the heavy fermion behavior. Another way is to 
use an “alternative” many-body theory developed in the 50-th by Gell-Mann 
and Brueckner, Galitskii and Migdal, Beliaev and many others in terms of the 
Green functions rather than in the electron density [18]. We try to formulate 
such computational approach as a generalization of LDA+U scheme, a so-called 
“LDA++” method. The main difference of LDA++ approach from LDA+U one 
is an account in the former dynamical fluctuations, or the real correlation ef- 
fects, described by local but energy dependent self-energy T’(T), so the LDA++ 
means LDA U T’(T). 

The comparison of the standard DF theory in the local spin density approx- 
imation (LSDA) and LDA++ approach is represented in the table I. 

First of all the LSDA theory is based on the Hohenberg - Kohn theorem 
that the total energy Etot is a functional of charge and spin densities, while the 
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Table 1. Comparison of different schemes 



LSDA 


LDA++ 


Density functional 


Baym-Kadanoff functional 


Density p(r) 


Green-Function G(r,r',F) 


Potential Wc(r) 


Self-energy Ei{E) 


Efot — Egp Edc 


f2 — 12sp ^dc 


Esp = 


f2sp = -Trln[-G-^] 


Edc — Eh J pVxc(E Exc 


Qdc = TrEG — ^Lw 



LDA++ scheme considers the thermodynamic potential i? as a functional of ex- 
act one-particle Green functions. This approach in many-particle theory has been 
introduced in the works by Luttinger and Ward [19] and Baym and Kadanoff 
[20]. The Green function in LDA++ theory plays the same role as the density 
matrix in LSDF formalism. We stress the dynamic nature of the correlation ef- 
fects which are taken into account in the LDA++ approach since the density in 
the LSDA is just the static limit of the local Green function. Further, the self 
energy is analogous to the exchange-correlation potential; local approximation 
for A’, which is assumed to be energy-dependent but not momentum-dependent 
corresponds to the local approximation for In both formalisms the thermo- 
dynamic potential can be represented as a “single-particle” one, f2gp minus the 
contributions of the “double counted terms”, f2dc- II will be important for the 
consideration of so-called “local force theorem” and the computation of mag- 
netic interaction parameters (Sect. III). The single-particle contribution to the 
thermodynamic potential in the LDA++ would have the same form as in the 
LSDA if we take into account only a pole part of the Green function and neglect 
the quasiparticle damping. However, even in that case the quasiparticle ener- 
gies are not the same since the poles of the Green functions are not coincide, 
generally speaking, with the “Kohn-Sham” energies. The quantity ^lw is the 
Luttinger- Ward generating functional for the self energy, or the sum of all the 
skeleton diagrams without free legs [19]. 

The difficulty with the finite temperature effects is one of the main shortcom- 
ings of a standard DF formalism. In all realistic calculations the temperature is 
included in the Fermi distribution functions and in the lattice constants via the 
thermal expansion [21] . At the same time, for the itinerant electron magnets the 
temperature effects connected with the “Bose” degrees of freedom due to spin 
waves and paramagnons are much more important [22] . In principle, these effects 
could be taken into account in the DF theory via the temperature dependence 
of the exchange-correlation potential, the corresponding terms being nonlocal. It 
is not easy to propose an adequate expression for such temperature-dependent 
non-local potential. One of the first attempts in this direction based on simple 
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RPA-like considerations [23]. On the other hand, in LDA++ type of scheme all 
the calculations are naturally carried out for finite temperatures by the using of 
Matsubara frequencies, as in the usual many-body theory [18]. 

The main assumption of the LDA++ approach is the importance of only in- 
trasite “Hubbard correlations” with the local approximation for the self-energy. 
It is worthwhile to stress a difference of this kind of locality from the locality 
in DF theory. In the latter, the local approximation means that the exchange- 
correlation energy is calculated for the homogeneous electron gas [24] . It is known 
from exact QMC calculations that the correlation effects could lead to some in- 
stabilities of the state of homogeneous electron gas (magnetism, charge ordering, 
etc) only for electron densities which are order of magnitude smaller than ones 
typical for real metals (the critical values of the parameter are of order of hun- 
dred in comparison with the “normal” range 2-6 for metals). At the same time, 
magnetism and charge ordering are rather usual for real compounds with the 
d- and f- elements. It seems that the “atomic-like” features of d- and f- states 
are of the crucial importance to describe the correlation effects in real com- 
pounds. Only these features are taken into account in the Hubbard-like terms 
for the d- or f-states in LDA++ approach. Therefore one can view the LDA++ 
as a simplest way for quantitative considerations of the correlation effects in the 
transition metals, and their compounds, based on the LSDA description for all 
non-cor related electrons in the systems. 

The investigation of correlation effects in the electronic structure and mag- 
netism of iron-group metals is still far from the final picture and attracts contin- 
uous interest (see, e.g., [8,25,26,27] and Refs therein). Despite of many attempts, 
the situation is still unclear both theoretically and experimentally. For example, 
there is no agreement on the presence of 5 eV satellite in photoemission spectrum 
of iron [13,14], and on the existence of local spin splitting above Curie tempera- 
ture in nickel [28] . /,From the theoretical point of view, different approaches such 
as the second-order perturbation theory [29,26], the T-matrix approximation 
[25,30], the three-body Faddeev approximation [31], and the moment expansion 
method [32] were used. Unfortunately, the applicability of these schemes are 
not clear. Here we present the version of “LDA++” approach [12,33,34] which 
is based on the combination of standard band theory technique with so-called 
dynamical mean-field theory (DMFT) or LDA+DMFT scheme [35]. 



2 Computational Technique 



We start from LDA+U Hamiltonian in the diagonal density approximation: 



E 



.LDA 






{ima} 



E 






ima ' f'lm'—a 



1 

2 



^ ^ mm' 
imj^m'a 






,)rii 



ima'^im' <7 



( 1 ) 



where i is the site index and m is the orbital quantum numbers; a =t, i is the spin 
projection; c+,c are the Fermi creation and annihilation operators (n = c+c); 
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fLDA effective single-particle Hamiltonian obtained from the non-magnetic 
LDA with the correction for double counting of the average interactions among d- 
electrons. In the general case of spin-polarized LSDA Hamiltonian this correction 
is presented in Refs. [33,12,36]. In the non-magnetic LDA this is just a shift 
“back” of correlated d-states with respect to s,p-states by the average Coulomb 
and exchange potential: = U(nd ~ ~ ~ I)? where U and J are the 

average values of Umm' and Jmm' matrices and rid is the average number of 
d-electrons. 

The screened Coulomb and exchange vertex for the d-electrons 

Umm' = (TOm'|Vcr(r “ ^')\mm') , Jmm' = (mm'IVcrCj' “ U)\m' w) (2) 

are expressed via the effective Slater integrals. We use the minimal spd-basis 
in the LMTO-TB formalism [37] and numerical orthogonalization for 
matrix [33]. Local density approximation [1] was used for the self-consistent 
electronic structure calculation. 

In order to find the best local approximation for the self-energy we use the 
DMFT method [38] for real systems. This scheme become exact in the limit of 
infinite lattice coordination number [39] . The DMFT approach reduce the lattice 
many-body problem (Eq.(2)) to the self-consistent solution of effective one-cite 
Andersen model. In this case we need a local Green-function matrix which has 
the following form in the orthogonal LMTO-representation: 

G{iuj) = + n- (3) 

k 

were // is the chemical potential. Note that due to cubic crystal symmetry of 
ferromagnetic bcc-iron the local Green function without spin-orbital interactions 
is diagonal both in the orbital and the spin indices. The so-called bath Green 
function which defined the effective Andersen model and preserve the double- 
counting of the local self-energy is obtained as a solution of the following impurity 
model [38]: 

Gom(iA = + UmdA ( 4 ) 

The local Green functions for the imaginary time interval [0, /3] with the 
mesh Ti = lAr^ I = 0, ..., L — 1, and At = (3 jL^ where ^ is calculated in the 

path-integral formalism [38,40]: 

det[0(s)] * G“'(s) (5) 

S^mm' 

here we redefined for simplicity m = {m,cr},Z is the partition function and 
the so-called fermion-determinant det[0(s)] as well as the Green function for 
arbitrary set of the auxiliary fields G{s) = are obtained via the Dyson 

equation [41] for imaginary-time matrix (G^(5) = G^^{s)): 
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where the effective fluctuation potential from the Ising fields = ±1 is 



VL = 



E • 

m' 



^rnrn' ^ rnrri' ^ 'rn'rn '> 



where an 



{ 



1, m < m' 
— 1, m > m' 



and the discrete Hubbard-Stratonovich parameters are \mm' = arccosh[exp 
{^ArUmm')] [41]. Using the output local Green function from QMC and in- 
put bath Green functions the new self-energy is obtain via Eq.(4) and the self- 
consistent loop can be closed through Eq.(3). The main problem of the multi- 
band QMG formalism is the large number of the auxiliary fields 5^^, . Eor each 
time slices I it is equals to M(2M — 1) where M is the total number of the 
orbitals which gives 45 Ising fields for the d-states case. We compute the sum 
over this auxiliary fields in Eq.(5) using important sampling QMG algorithm and 
performed a dozen of self-consistent iterations over the self-energy Eqs. (3,4,5). 
The number of QMG sweeps was of the order of 10^ on the GRAY-T3e super- 
computer. The final Gm{r) has very little statistical noise. We use maximum 
entropy method [42] for analytical continuations of the QMG Green functions to 
the real axis. Gomparison of the total density of states (DOS) with the results 
of LSD A calculations (Eig.l) shows a reasonable agreement for single-particle 
properties of not “highly correlated” ferromagnetic iron. We calculate the bcc 
iron at experimental lattice constant with 256 k-points in the irreducible part of 
Brillouin zone. The Matsubara frequencies summation corresponds to the tem- 
perature of about T=850 K. The average magnetic moment is about 1.9 jiB 
which corresponds to a small reduction of the LSD A- value of 2.2 /i^ for such a 
high temperature. The DOS curves in the LDA+E approach with exact QMG 
solution of on-site multiorbital problem is similar to that obtained within the 
simple perturbative fluctuation-exchange (ELEX) approximation described be- 
low. The discussion of the results and the comparison with the experimental 
data will be given in Section 4. 

The QMG method described above is probably the most rigorous real way to 
solve an effective impurity problem in the framework of DMET theory. However, 
it is rather time consuming. Besides that, in the previous section we did not work 
with complete four-indices Goulomb matrix: 



(12|w|34)=y drdrVt (r)V '2 (r - r')V'3(r)^4(r'), (6) 

where we define for simplicity mi = 1. 

Eor moderately strong correlations (which is the case of iron group metal) 
one can propose an approximate scheme which is more suitable for the calcula- 
tions. It is based on the fluctuation exchange (FLEX) approximation by Bickers 
and Scalapino [43] generalized to multiband spin-polarized case [33,12,44]. The 
electronic self-energy in the FLEX is equal to: 



r = 



(7) 
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Energy ( eV ) 

Fig. 1. Spin-resolved density of d-states and magnetic moments for ferromagnetic iron 
in the LSDA and the LDA+QMC calculations for different average Coulomb interac- 
tions with J=0.9 eV and temperature T=1500 K. 



where the Hartree-Fock contribution has a standard form: 



^HF 
^12, cr 



= E 



34 



(13|t;|24)^n^;-(13|^|42)n?4 



(8) 



with the occupation matrix rii 2 = ^21 ^ ~0); this contribution to U is 

equivalent to spin-polarized “rotationally-invariant” LDA+U method [36]. 

The second-order contribution in the spin-polarized case reads: 



^^ 2 !.^ = - E (13H74)G?8(t)* 

{3-8} 



* (85|t;|26)^G^3(T)Gj5(-T) - (85 |w|62)G^3(t)G^5(-t) , 

cr' 



(9) 



and the higher-order particle-hole (or particle-particle) contribution 



yi{ph) 

^12, a 



(t)= E ^rM 2 (T)G 3 %(r), 

34 , a' 



with p-h (p-p) fluctuation potential matrix: 



(ito) 



{iu>) 1T74 ■ 

ir-^7 pf/u J ’ 



(10) 



( 11 ) 



where the spin-dependent effective potentials has a generalized RPA-form and 
can be found in [12]. Note that for both p-h and p-p channels the effective 
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interactions, according to Eq.(ll), are non-diagonal matrices in spin space as 
in the QMC-scheme, in contrast with any mean-field approximation like LSDA. 
This can be important for the spin-dependent transport phenomena in transition 
metal multilayers. 

We could further reduce the computational procedure by neglecting dynam- 
ical interaction in the p-p channel since the most important fluctuations in itin- 
erant electron magnets are spin-fluctuations in the p-h channel. We take into 
account static ( of T- matrix type) renormalization of effective interactions re- 
placing the bare matrix C/ 12,34 = (12 |u| 34) in FLEX-equations with the corre- 
sponding spin-dependent scattering T— matrix 



12 



rj^O 



34) = 



(12 |v| 34) - Yi (12 |v| 56) f drG^Q (r) (t) ( 78 

5678 { 



34 



( 12 ) 



Similar approximation has been checked for the Hubbard model [45] and 
appeared to be accurate enough for not too large U. Finally, in the spirit of 
DMFT-approach E = X[Go], and all the Green functions in the self-consistent 
FLEX-equations are in fact the bath Green- functions Gq. 



3 Exchange Interactions 

An useful scheme for analyses of exchange interactions in the LSDF approach 
is a so called ’’local force theorem”. In this case the calculation of small total 
energy change reduces to variations of the one-particle density of states [46,47]. 
First of all, let us prove the analog of local force theorem in the LDA++ ap- 
proach. In contrast with the standard density functional theory, it deals with the 
real dynamical quasiparticles defined via Green functions for the correlated elec- 
trons rather than with Kohn-Sham “quasiparticles” which are, strictly speaking, 
only auxiliary states for the total energy calculations. Therefore, instead of the 
working with the thermodynamic potential as a density functional we have to 
start from the general expression for Q in terms of exact Green function in the 
Table I. We have to keep in mind also Dyson equation G~^ = Gq^ — E and 
the variational identity 5^lw = TrE5G. Here Tr = Tr^iLa- is the sum over 
Matsubara frequencies Tr^... = T ^ ..., oj = ttT (2n + 1) , n = 0, ±1, ..., T is the 

U) 

temperature, and iLa are site numbers (z), orbital quantum numbers {L = l^m) 
and spin projections a , correspondingly. We represent the expression for i7 as 
a difference of ’’single particle” (sp) and ’’double counted” (dc) terms as it is 
usual in the density functional theory. When neglecting the quasiparticle damp- 
ing, Qgp will be nothing but the thermodynamic potential of ’’free” fermions 
but with exact quasiparticle energies. Suppose we change the external potential, 
for example, by small spin rotations. Then the variation of the thermodynamic 
potential can be written as 

+ SiQsp - Sf2dc 



(13) 
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where is the variation without taking into account the change of the ’’self- 
consistent potential” (i.e. self energy) and (^i is the variation due to this change 
of U. To avoid a possible misunderstanding, note that we consider the variation 
of f? in the general “non-equilibrium” case when the torques acting on spins are 
nonzero and therefore Sf? ^ 0. In order to study the response of the system to 
general spin rotations one can consider either variations of the spin directions 
at the fixed effective fields or, vice versa, rotations of the effective fields, i.e. 
variations of Z’, at the fixed magnetic moments. We use the second way. Taking 
into account the variational property of ^ one can be easily shown (cf. Ref. [19]) 
that ~ — TrGSE and hence 

Sf2 = 5*Qsp = -S*Tr In [r - Gq (14) 

which is an analog of the ’’local force theorem” in the density functional theory 
[47]. 

Further considerations are similar to the corresponding ones in LSDF ap- 
proach. In the LDA++ scheme, the self energy is local, i.e. is diagonal in site 
indices. Let us write the spin-matrix structure of the self energy and Green 
function in the following form 

V = , Gij = (15) 

where ^ ± with being the unit vector in the 

direction of effective spin-dependent potential on site z, cr = cr^, a^) are Pauli 
matrices, = ^Trcr{Gij) and Gfj = ^Trcr{Gija). We assume that the bare 
Green function G^ does not depend on spin directions and all the spin-dependent 
terms including the Hartree-Fock terms are incorporated in the self energy. Spin 
excitations with low energies are connected with the rotations of vectors e^: 
= S(f^ X Si According to the ’’local force theorem” (14) the corresponding 
variation of the thermodynamic potential can be written as (if? = S*f2gp = 
where the torque is equal to 



V = [Et X Gf,] 



(16) 



Using the spinor structure of the Dyson equation one can write the Green 
function in this expression in terms of pair contributions (a similar trick has 
been proposed in Ref. [48] in the framework of LSDF approach). As a result, 
we represent the total thermodynamic potential of spin rotations or the effective 
Hamiltonian in the form [34] 



i7 



spin 



= - i (El X Gl,Efi G‘.) 



L' 



(17) 



one can show by direct calculations that 




G=const 



\i This means that 



^spin is the effective spin Hamiltonian. The last term in Eq.(17) is nothing 
but Dzialoshinskii- Moriya interaction term. It is non-zero only in relativistic case 
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where Uj and can be, generally speaking, “non-parallel” and Gij ^ Gji for 
the crystals without inversion center. 

In the nonrelativistic case one can rewrite the spin Hamiltonian for small 
spin deviations near collinear magnetic structures in the following form Ogpin = 
“ where 

Jij = -Tr^L (18) 

are the effective exchange parameters. This formula generalize the LSDA expres- 
sions of [47] to the case of correlated systems. 

Spin wave spectrum in ferromagnets can be considered both directly from 
the exchange parameters or by the consideration of the energy of corresponding 
spiral structure (cf. Ref. [47]). In nonrelativistic case when the anisotropy is 
absent one has 









J(h)] 



(19) 



where M is the magnetic moment (in Bohr magnetons) per magnetic ion. 

It should be noted that the expression for spin stiffness tensor defined by 
the relation cjq = (q ^ 0) in terms of exchange parameters has to be 

exact as the consequence of phenomenological Landau- Lifshitz equations which 
are definitely correct in the long- wavelength limit. Direct calculation basing on 
variation of the total energy under spiral spin rotations (cf. Ref. [47]) leads to 
the following expression 



Docp = 




^ ( dG^ dG^\ 

dK dk0 ) 



(20) 



were k is the quasimomentum and the summation is over the Brillouin zone. The 
expressions Eqs.(18) and (19) are reminiscent of usual RKKY indirect exchange 
interactions in the s-d exchange model (with instead of the s-d exchange 
integral) . 

We prove in the Appendix that the expression for the stiffness is exact within 
the local approximation. At the same time, the exchange parameters themselves, 
generally speaking, differ from the exact response characteristics defined via 
static susceptibility since the latter contains vertex corrections. The derivation 
of approximate exchange parameters from the variations of thermodynamic po- 
tential can be useful for the estimation of Jij in the different magnetic systems. 



4 Computational Results 

We have started from the spin-polarized LSDA band structure of ferromagnetic 
iron within the TB-LMTO method [37] in the minimal 5,p, d basis set and used 
numerical orthogonalization to find the Ht part of our starting Hamiltonian. 
We take into account Coulomb interactions only between d-states. The correct 
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parameterization of the Hjj part is indeed a serious problem. For example, first- 
principle estimations of average Coulomb interactions (U) [49,26] in iron lead 
to unreasonably large value of order of 5-6 eV in comparison with experimental 
values of the U-parameter in the range of 1-2 eV [26]. Semiempirical analysis 
of the appropriate interaction value [50] gives U ^2.3 eV. The difficulties with 
choosing the correct value of U are connected with complicated screening prob- 
lems, definitions of orthogonal orbitals in the crystal, and contributions of the 
intersite interactions. In the quasiatomic (spherical) approximation the full U- 
matrix for the d— shell is determined by the three parameters [/, J and 8J oi 
equivalently by effective Slater integrals F^, F^ and F^ [33,5]. For example, U= 
F^, J=(F^+F^)/14 and we use the simplest way of estimating 6J or F^ keeping 
the ratio F^/F^ equal to its atomic value 0.625 [51]. 

Note that the value of intra-atomic (Hund) exchange interaction J is not 
sensitive to the screening and approximately equals to 0.9 eV in different es- 
timations [49]. For the most important parameter C/, which defines the bare 
vertex matrix Eq.(6), we use the value U = 2.3 eV for Fe [50], U = 3 eV for 
Co and Mn and U = 4 eV for Ni and Cu. To calculate the spectral functions: 
Act (k, E) = —^TtlCct (k, E + iO) and DOS as their sum over the Brillouin zone 
we first made analytical continuation for the matrix self-energy from Matsub- 
ara frequencies to the real axis using the Fade approximation [52], and then 
numerically inverted the Green- function matrix as in Eq. (3) for each k-point. 
In the self-consistent solution of the FLEX equations we used 1024 Matsubara 
frequencies and the FFT-scheme with the energy cut-off at 100 eV. The sum over 
irreducible Brillouin zone have been made with 72 k-points for SCE-iterations 
and with 1661 k-points for the final total density of states. 

The depolarization of states near the Fermi level is another important cor- 
relation effect. The decrease of the ratio P = [N-^ {Ep) — (Pp)] /[^t (Pf) + 

Ni(Ep)] is a typical sign of spin-polaron effects [27,53]. In our approach this 
effects are taken into account through the terms in the effective spin- 

polarized LDA++ potential (Eq. (11)). 

The energy dependence of self-energy in Fig. 2 shows characteristic features of 
moderately correlated systems. At low energies \P\ < 1 eV we see a typical Fermi- 
liquid behavior ImE (P) ^ dReP (P) /dP < 0. At the same time, for the 

states beyond this interval within the d-bands the damping is rather large (of the 
order of 1 eV) so these states corresponds to ill-defined quasiparticles, especially 
for occupied states. This is probably one of the most important conclusions of 
our calculations. Qualitatively it was already pointed out in Ref. [29] on the basis 
of a model second-order perturbation theory calculations. We have shown that 
this is the case of realistic quasiparticle structure of iron with the reasonable 
value of Coulomb interaction parameter. 

Due to noticeable broadening of quasiparticle states the description of the 
computational results in terms of effective band structure (determined, for ex- 
ample, from the maximum of spectral density) would be incomplete. We present 
on the Fig. 3 the full spectral density A^- (k, E) including both coherent and inco- 
herent parts as a function of k and E. We see that in general the maxima of the 
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Energy, eV 



Fig. 2. Total spin-polarized density of states and d-part of self-energy for iron with 
U=2.3 eV and J=0.9 eV for the temperature T=750 K. Two different self-energies for 
t 2 g and eg d-states in the cubic crystal held symmetry are presented and four different 
lines corresponds to imaginary part spin-up (full line) and spin-down (dashed line) as 
well as real part spin-up (dashed-dot line) and spin-down (dashed-double-dot line). 



spectral density (dark regions) coincide with the experimentally obtained band 
structure. However, for occupied majority spin states at about -3 eV the distri- 
bution of the spectral density is rather broad and the description of this states 
in terms of the quasiparticle dispersion is problematic. This conclusion is in 
complete quantitative agreement with raw experimental data on angle-resolved 
spin-polarized photoemission [54] with the broad non-dispersive second peak in 
the spin-up spectral function around -3 eV. 

Comparison of the DOS for transition metals in the Fig. 4 shows an inter- 
esting correlations effects. First of all, the most prominent difference from the 
LSDA calculation is observed for the antiferromagnetic fcc-Mn. There is clear 
formation of the lower and upper Hubbard bands around ± 3 eV. Such behavior 
is related with the half-field Mn d-shell which corresponds to a large phase space 
for particle-hole fluctuations. For the ferromagnetic bcc-Fe the p-h excitations 
are suppressed by the large exchange splitting and a bcc structural minimum in 
the DOS near the Fermi level. In the case of ferromagnetic fcc-Co and Ni the 
correlation effects are more important then for Fe, since there is no structural 
bcc-dip in the density of states. One could see a formation of a ” three-peak” 
structure for the spin-down DOS for Co and Ni and satellite formation around 
-5 eV. In order to describe the satellite formation more carefully one need to 
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Fe spin-up Fe spin-down 





k-directions k-directions 

Fig. 3. Spectral function of ferromagnetic iron for spin-up (a) and spin-down (b) and 
the two k-directions in the Brillouin zone compare with the experimental angle resolved 
photoemission and de Haas - van Alphen (at the Ef=0) points 



include T-matrix effects [25,30] or use the QMC scheme in LDA+DMFT calcu- 
lations. Finally, there is no big correlation effects in non-magnetic fcc-Cu, since 
the d-states are located well bellow the Fermi level. 

Using the self-consistent values for computed by QMC technique 

(Section II) we calculate the exchange interactions (Eq.l8) and spin- wave spec- 
trum (Eq.l9) using the four-dimensional fast Eourier transform (FET) method 
[55] for (k, i(jj) space with the mesh 20^ x 320. The spin- wave spectrum for 
ferromagnetic iron is presented in Fig. 5 in comparison with the results of LSDA- 
exchange calculations [47] and with different experimental data [56,57,58]. This 
room-temperature neutron scattering experiments has a sample dependence (Fe- 
12%Si in Ref. [56,58] and Fe-4%Si in Ref. [57]) due to problems with the bcc-Fe 
crystal growth. Note that for high-energy spin-waves the experimental data [58] 
has large error-bars due to Stoner damping (we show one experimental point 
with the uncertainties in the q space). On the other hand, the expression of 
magnon frequency in terms of exchange parameters itself becomes problematic 
in that region due to breakdown of adiabatic approximation, as it is discussed 
above. Therefore we think that comparison of theoretical results with experi- 
mental spin-wave spectrum for the large energy needs additional investigation of 
Stoner excitation and required calculations of dynamical susceptibility in the 
LDA++ approach [38]. Within the LSDA scheme one could use the linear- 
response formalism [59] to calculate the spin-wave spectrum with the Stoner 
renormalizations, which should gives in principle the same spin-wave stiffness 
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Fig. 4. The spin-polarized partial 3d density of states for different transition metals 
at the temperature T=750 K. The full line is the spin-up DOS and the dashed line is 
the spin-down DOS. 



as our LSDA calculations. Our LSDA spin-wave spectrum agree well with the 
results of frozen magnon calculations [60,61]. 



At the lower-energy, where the present adiabatic theory is reliable, the LDA++ 
spin-waves spectrum agree better with the experiments then the result of the 
LSDA calculations. Experimental value of the spin- wave stiffness D=280 meV/A^ 
[57] agrees well with the theoretical LDA++ estimations of 260 meV/A^ [34]. 

Appendix 

Here we prove that the expression for the stiffness constant Eq.(20) is exact in 
the framework of DMET scheme. 
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Fig. 5. The spin-wave spectrum for ferromagnetic iron in the LSDA and LDA+i7 
approximations compared with different experiments (circles [16], squares [17], and 
diamonds [18]) (a); The corresponding spin- wave spectrum from LDA+Z' scheme in 
the (110) plane (b). 



A rigorous expression for the stiffness constant has been obtained in Ref. 
[62]: 

\n k t)Gi{k)G^{k){-Vk ■ q) (21) 

where 

C(q) = i: + ’>-*>• 

k ^ 

k = (k, A:o) is a momentum-energy 4- vector, G{k) is the electron Green function, 
t(k) is the one-particle (band) Hamiltonian, n(k) is the one-particle distribution 
function, 7 is the irreducible vector three-leg vertex. The irreducible scalar and 
vector vertices, 7 and 7 , are connected with the total ones, Iq and F, by Bethe- 
Salpeter equations and the total vertices satisfy the Ward-Takahashi identity 
which is the consequence of the rotational invariance. Taking into account the 
Bethe-Salpeter equations one can rewrite them in terms of the irreducible ver- 
tices (for more details, see [62]). Let us assume now that the scalar irreducible 
vertex 7 and E are momentum-independent (which is the real case in DMFT 
approach). Considering the q-dependent part of the Ward-Takahashi identity in 
the limit q — ^ 0 we have: 'y{k A: t) = = v(k). Substituting this into 

Eq.(21) one has 





90 



A.L Lichtenstein and M.L Katsnelson 



On the other hand, our Eq.(19) reads 2 < ^ lq where 

J(q) is defined by Eq.(18). Calculating the derivatives of the exchange parame- 
ters we obtain 



(we shift here k — ^ A: + in the integrand) . Then 



J(q) I 

dqadqp 






This expression can be simplified by using the sum rule {G^ — G^) = G^SG^ 
(where S = which is the consequence of the Dyson equation provided 

that only E is spin-dependent. Taking it into account in Eq.(22) one has 



9^ 

dqadqff 



•/ 






(27T 



dk 









^t(k) dt(k) 
dka dk^ 



} 



The first term is exactly coincide with the last one in Eq.(21) and the first 
term can be transformed further using the identity: G‘^{k) = Then 




dt(k) dt(k) 
dka dk(3 



E 



dt(k) dt{k) 
dt(k) dkcx dkf3 



Since ncr(k) =ncr[t(k)] we have: ^|-ncr[t(k)] and finally, integrating 

by part, one obtains: 



drier dt(k) _ ^^t(k) 

^ ^ dkp ~ ’ dko^dkp 



Thus, our expression (Eq.(20)) coincides with the exact one (Eq.(21)). We use 
here the only assumption that both the self-energy and three-leg irreducible 
vertex are momentum independent as well as the Ward-Takahshi identities which 
are exact consequences of the rotationally invariance of the spin system. 



5 Conclusions 

We have proposed a general scheme for investigation of the correlation effects in 
the quasiparticle band structure calculations for itinerant-electron magnets. This 
approach is based on the combination of the dynamical mean-field theory and 
the fiuctuating exchange approximation. Application of LDA+DMET method 
gives an adequate description of the quasiparticle electronic structure for fer- 
romagnetic iron. The main correlation effects in the electron energy spectrum 
are strong damping of the occupied states below 1 eV from the Eermi level Ep 
and essential depolarization of the states in the vicinity of Ep. We obtained a 
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reasonable agreement with different experimental spectral data (spin-polarized 
photo- and thermoemission) . The method is rather universal and can be applied 
for other magnetic systems, both ferro- and antiferromagnets. 

We discussed as well a general method for the investigation of magnetic in- 
teractions in the correlated electron systems. This scheme is not based on the 
perturbation theory in “f/” and could be applied for rare-earth systems where 
both the effect of the band structure and the multiplet effects are crucial for a 
rich magnetic phase diagram. Our general expressions are valid in relativistic 
case and can be used for the calculation of both exchange and Dzialoshinskii- 
Moriya interactions, and magnetic anisotropy [34]. An illustrative example of 
ferromagnetic iron shows that the correlation effects in exchange interactions 
may be noticeable even in such moderately correlated systems. For rare-earth 
metals and their compounds, colossal magnetoresistance materials or high- Tc 
systems, this effect may be much more important. For example, the careful in- 
vestigations of exchange interactions in MnO within the LSDA, LDA+U and 
optimized potential methods for MnO [63] show the disagreement with exper- 
imental spin- wave spectrum (even for small q), and indicate a possible role of 
correlation effects. 

This work demonstrates an essential difference between spin density func- 
tional approach and LDA++ formalism. The latter method deals with the ther- 
modynamic potential as a functional of the local Green function rather than the 
electron density. Nevertheless, there is a close connection between two techniques 
(the self-energy corresponds to the exchange- correlation potential, etc) . In par- 
ticular, an analog of local force theorem can be proved for LDA++ approach. It 
may be useful not only for the calculation of magnetic interactions but also for 
elastic stresses, in particular, pressure, and other physical properties. 
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Abstract. Angle scanned photoemission experiments that map the electronic band 
structure up to 5k bT above the Fermi level are reviewed. After a short tutorial of 
the basic principles for the interpretation of angular resolved photoemission (ARUPS) 
experimental data on the band ferromagnet nickel are presented. The exchange splitting 
of the 5p-bands and the d-bands can be accurately determined. The influence of the 
temperature and adsorbate layers on the magnetism of the surface are investigated. 

For clean nickel metal the ferromagnetic - paramagnetic phase transition is ob- 
served in detail. It is found that the exchange splitting follows - within the accuracy of 
the experiment - the bulk magnetization and disappears at the Curie temperature [1]. 
A magnetically “active” region in k-space, where sp and d minority bands coincide on 
the Fermi surface is inspected. 

A monolayer of hexagonal boron nitride on Ni(lll) strongly influences the Fermi 
surface of the interface. The formally insulating /i-BN acts as an atomic grating and 
induces umklapp processes. It is seen how the exchange splitting is affected and that 
the overlayer changes the relative spin asymmetry of exchange split 5p-bands. 



1 Introduction 

Photoemission is among the few techniques that gives experimental access to all 
relevant electronic states at surfaces that constitute e.g. band ferromagnetism, 
superconductivity or chemical bonding. For the case of band ferromagnets this 
was realized with the early experiments of Pierce and Spicer [2] who observed the 
ferro- paramagnetic phase transition in nickel and in the same issue of Banninger 
et al. who measured below the Curie temperature spin polarized photoelectrons 
from nickel [3]. In the mean time the technique of photoemission has matured 
close to the complete photoemission experiment where all degrees of freedom of 
the photoelectrons are measured in the same setup. 

For the study of phase transitions in metals it is generally accepted that the 
states at the Fermi level are the key players. All electronic states around the 
Fermi level should be accessed in order to get a complete picture. 

Photoemission is very fast and localized. It suffers, however, from the N 
N — 1 ’’problem” i.e. the interaction of the hole state that is created in the pho- 
toemission process. Its influence on the photoelectron may not be neglected - in 
particular in correlated systems like a band ferromagnet and makes comparisons 
with ground state calculations challenging. 
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Fig. 1. Accessible energies and k-space for different experimental methods. The energy- 
resolution AE and k-resolution Ak are given for Two Photon Photoelectron Emission 
(2PPE), Inverse Photoemission (IPE) and photoelectron emission. The relevant ener- 
gies, the Fermi energy Ef, band bottom Eo and vacuum energy Ey are indicated as 
well as the Brillouin zone boundary 7r/a. 



2 Experimental 

In Fig.l the electron energies and k- vectors that can be measured with k- 
resolving techniques like Inverse PhotoEmission (IPE), Two Photon Photo- 
Emission (2PPE) and PhotoEmission (PE) are shown. 2PPE, as it is performed 
today, has - like Scanning Tunneling Spectroscopy (STS) - the potential of prob- 
ing the occupied and unoccupied electronic states. It suffers, however, from the 
relatively low energies and k-vectors that can be reached and is thus unable to 
probe the whole Brillouin zone. This is not the case in inverse photoemission 
and photoemission if photon energies > 10 eV are used. There, in principle, 
all k-vectors in the Brillouin zone may be probed. It is shown in this article 
that electron states near the Brillouin zone boundary play a key role in band 
ferromagnets. The photoemission experiment is senior to inverse photo-emission 
mainly due to the better energy resolution and detection sensitivity of electron- 
and photon-spectrometers, respectively. Today, an energy resolution of better 
than 4 meV and a k resolution of better than 0.02 A are obtained with pho- 
toemission. 

The presented data are recorded with a spectrometer with an overall en- 
ergy (momentum) resolution of about 50 meV (0.02 hA ). This is sufficient 
for studies at room temperature or above since the thermal broadening of the 
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Fig. 2. Photoemission spectra taken around the He la Fermi level Ep of polycrystalline 
silver at 300 K. Unmonochromatized (zero order) and monochromatized (1st order) 
He la radiation was used for excitation. In the lower panel the same data are shown 
on a logarithmic intensity scale. From Ref. [4]. 



Fermi function at room temperature corresponds to the convolution of a step 
function with a Gaussian of 100 meV (4/c^T) full width at half maximum. For 
problems at non zero temperature as it is e.g. the ferromagnetic - paramagnetic 
phase transition it is possible to probe thermally populated electronic states 
above the Fermi level [4]. Photoemission has thus the potential to measure all 
relevant states that drive e.g. phase transitions or electron tunneling. This re- 
quires a clean and highly intense photon source. Clean means that it should be 
monochromatic and not have higher photon energy components as e.g. higher 
harmonics, since these photons produce photoemission above the Fermi level of 
the main photon energy. The high intensity is needed since the thermal occu- 
pation decreases at energies AS above the Fermi level with exp{—AS/kBT). 
In our laboratory this setup is realized with a monochromatized ECR plasma 
driven He gas discharge lamp [4]. In Fig. 2 the performance of such a photon 
source is shown for the photoemission from the Fermi level of a polycrystalline 
silver sample at 300 K. The logarithmic intensity scale reveals the Boltzmann 
wing up to bksT above the Fermi level. Such measurements of a Fermi level 
around which the density of states is constant have to be used in order to nor- 
malize the photoemission data for a set of energy distribution curves (EDO’s) 
at various emission angles. Then quantitative information on peak positions in 
energy E and momentum k can be recovered [1] . For the normalization it is most 
convenient to subtract a constant background (in the order of ^ 0.1%) of the 
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average intensity at the Fermi level from the data before normalizing them with 
the experimentally determined Fermi function. For the purposes of this article 
an analytical Fermi function of the form f{E) = 1/(1 + exp(F^ — 
is sufficient. The “effective” temperature Teff = + (AE/dA;^)^ depends on 

the sample temperature T and the overall full width at half maximum energy- 
resolution of the spectrometer AE [1]. In the presented experiments the spin 
polarization is not measured as it is. e.g. done with a Mott polarimeter. This 
has the drawback of not getting a direct identification of the spin states. On the 
other hand the sample has not to be macroscopically magnetized over the probed 
sample area as it is necessary for the measurement of the spin polarization. The 
assignment of the spin states of direct photoemission transitions is done with 
help of spin polarized band structure calculations [5] . A further requirement for 
a band mapping experiment is the accurate control of photoemission direction 
and an angular resolution below 1°. This is achieved in scanning the sample 
orientation in front of the detector with an automated high accuracy two angle 
sample goniometer [4,6,7]- This setup has the advantage of keeping the angle 
between the photon source and the detector constant and thus avoids matrix 
element variations that were caused by different light incidences relative to the 
detector. 

3 Angular Resolved Photoemission (ARUPS) 

There are excellent reviews on photoemission [8] , angular resolved photoemission 
at UV photon energies (ARUPS) in particular [9] and Fermi surface mapping 
[10]. Photoemission has the potential of measuring all degrees of freedom of 
an electron in its initial state. It is a local probe since the momentum for the 
emission is transferred on the photoelectron on a femto second time scale. Nev- 
ertheless, it is able to probe the electronic bands of a solid i.e. the delocalized 
nature of the electron in its initial state. The mapping of the bands is accompa- 
nied with a broadening in energy and momentum that has various reasons. Like 
in lifetime determination from the spectral width in energy, the broadening in k 
provides a lower limit of extension of the excited states. A band state with an 
angular width of 0.1 A has e.g. a spatial extension Ax > 10 A. 



3.1 Conservation Laws in Photoemission 

In order to discuss the basic physics (conservation laws) of photoemission it 
is convenient to use the three step model. There, the photoemission process 
is described in a sequence of (z) the photoexcitation, (ii) the transport of the 
electron to the surface and (m) its refraction at the surface potential barrier and 
propagation to the detector. 

Step (z), the photoexcitation, obeys energy-, momentum-, spin- and angular 
momentum conservation. Energy and momentum conservation are shown in an 
E vs k diagram in Fig. 3 where a periodic zone scheme for an initial state band 
and the final state is plotted. If at a given k- value, the photon energy matches 
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Fig. 3. Photoemission process for band mapping in a periodic crystal in a E vs k 
scheme. The hnal state energy, momentum and spin in is related to the initial state 
via energy, momentum and spin conservation. Klo is the photon energy and G is a 
reciprocal lattice vector. 



the energy difference between an occupied initial state and an unoccupied final 
state the photoemission is at resonance at this particular point in k-space and a 
so called direct transition can be observed, if the final state propagates into the 
vacuum. The photoexcitation is treated as a vertical transition, i.e. the momen- 
tum of the photon is neglected: cj/c ^ 7r/a, where a is the lattice constant. This 
is written down as energy conservation: 

Ey = E^ T (l) 

where Ey and E^ are the final and initial state energy and huo the photon energy 
and momentum conservation: 



k/ = k, + G (2) 

where /iky, hki are the final and initial state momenta and G is a reciprocal 
lattice vector that provides the momentum for propagation to the surface. 

It has to be noted that the photoemission process leaves a hole state in the 
solid i.e. is di N ^ N — 1 process, where N is the number of electrons in the 
ground state. Therefore the N — 1 final state energies Ey do not directly (via 
Eqn.l) reflect the ground state energy. The interaction of the photoemission hole 
state with the rest of the solid and the photoelectron is important. This causes 
a finite lifetime of the final state i.e. a broadening of the observed transitions in 
energy and momentum. Therefore shifts in energy and momentum with respect 
to the ground state may occur. Eor magnetic systems the response on the per- 
turbation upon photo excitation furthermore depends on the spin polarization 
of the photoelectron and spin dependent correlation effects are important [11]. 
Transitions from the Eermi level are, however, least affected by these effects since 
there is only thermal energy available for final state relaxation. 
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In the photon energy range of interest, the spin orientation of the electrons 
is conserved: 

(Tf = <Ti (3) 

where cr j and cri are the spin of the final and initial state. 

Finally, the angular momentum character of the photoelectron final state 
is determined from the dipole selection rules which read in the non relativistic 
formulation: 

^>0 (4) 

where Mf and Mi are the angular momenta of the final and initial state. For 
the magnetic quantum number m (|m| < t) we find: 

rrif = m^, (5a) 

rrif = rrii . (5b) 

where Eqn.5a) applies for linearly polarized light and Eqn.5b) for right- or 
left circularly polarized light, respectively. The quantisation axis points along 
the propagation of the photons. 

The direction and polarization of the incoming light thus provide selection 
rules that are useful for the identification of particular bands. The dipole se- 
lection rules can be exploited for getting information on the magnetism in per- 
forming polarization dependent photoemission experiments. If the sample has a 
magnetization the photoemission depends on the orientation between the mag- 
netisation and the light propagation and/or polarization (dichroism) [12]. 

In step (zz), the propagation of the photoelectron to the surface, diffraction, 
elastic and inelastic scattering may occur, but there remains information from 
the initial state Ti(Ei, ki, cti). In this step differences in the inelastic mean free 
path between minority and majority spin electrons affect the spectral weight of 
the observed transitions. 

After the last step (zzz), where the energy for the emission of the photoelectron 
into the vacuum is payed, the (N—1) photoemission binding energy E^ measured 
from the Eermi level E^? gets 



- $ (6) 

where E^^^ is the electron kinetic energy in the vacuum and 4> is the work 
function. The surface barrier affects the momentum perpendicular to the surface 
(refraction). If we make the free electron hnal state approximation (as it is 
implicitly done in Eig. 3) we set 



E/ = 



2rrie 



(7) 



and note that zug is the free electron mass and Ey is measured from the valence 
band bottom. Then the wave numbers of the initial states can be determined 
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from the measured photoelectron momentum fik^ with the following identities 
for the components of k parallel and perpendicular to the surface: 



kill = k^ii - (G - nGn), 


(8a) 


ki± = \jKn^+ 2meU//i2 - nG. 


(8b) 



U is the inner potential, i.e. the energy difference between the vacuum level 
and the valence band bottom. The surface normal n is parallel to V/7. If n is 
constant then k^y, the component parallel to the surface of k^ is conserved up 
to a reciprocal surface lattice vector Q = G — nGn. It has to be noted that 
the conservation of ky is given as well without the free final state assumption 
(Eqn.7). For ky conservation the direction of 'VU has, however, to be constant 
over the whole sampling area. This follows from nG > 0 and Eqn.Sa. For the 
experiment it is furthermore important to remember that parallel momentum 
conservation requires zero electric field between the detector and the sample and 
therefore work function differences between the detector and the sample have to 
be compensated with a sample bias voltage. If the inner potential varies as it 
does e.g. for the two spin components in a ferromagnet [13], the determination 
of the normal component ki^ of k^ is affected. From Eqn.Sb and Eqn.2 it is seen 
that the normal component of k/ can be measured if | k/ 1 > ^/2m^ / h and we 
call this limit photoemission (PE) horizon (see Fig. 4). 

Therefore, if E^^^, /ik^ and ctj are measured, n and the reciprocal lattice G 
are known, the photoemission binding energy E^, wave numbers k^, and spin 
polarization can be found out by photoemission. If the free final state ap- 
proximation is not valid, the parallel component of k^ only is determined. For 
20 eV photoelectrons the free final state approximation works astonishingly well 
while it is expected to become problematic for lower energies. For two dimen- 
sional systems, whith no dispersion perpendicular to the surface, the complete 
information on the electronic states in the Brillouin zone is obtained by a single 
photon energy. Dispersion perpendicular to the surface can be measured if the 
photon energy hw is scanned as it is conveniently done at synchrotrons. 



3.2 k-Space Mapping 

A complete photoemission experiment should sample all points in k-space. If, 
e.g. the whole second Brillouin zone of nickel down to binding energies of 10 eV 
shall be scanned, photon energies from 6 eV up to 120 eV have to be at hand 
and all emission angles should be accessible. 

In order to better visualize the angle scanned photoemission experiment it 
is convenient to redraw Fig. 3. If we sit at a given final state energy Ej, i.e. set 
the electron analyzer to a fixed kinetic energy E^^^ and use a constant photon 
energy, the picture in Fig. 3 translates from an E vs. k picture in a ky vs. k^ 
picture (see Fig. 4). Normally the initial state bands at the chosen binding energy 
appear as lines. For the final state band the case is particularly simple in the free 
final state approximation where the final state is a circle centered at the origin 
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Fig. 4. Photoemission process for band mapping in a ky vs. picture. Wherever 
the final state band crosses an initial state band of the periodic zone scheme 
a direct transition occurs. This transition may be observed above the photoemission 
(PE) horizon that is a consequence of the surface barrier potential. 



of k-space (/ooo) with radius kj: 

k/ = V2me(E-- + U)/fi (9a) 

k/ [A-'] =0.5123 y^(E^“ + U) [eC] (9b) 

Every intersection point between the initial state band with the periodicity of 
the reciprocal lattice G and the final state indicates a direct transition at the 
given energy (see Eqn. 6). Parallel momentum conservation projects these 
states normal to the surface, where they can be measured at the corresponding 
emission angles: 

k|| = ^y2meE™^ sin(6'„) (10) 

where 6m is the measured polar emission angle. The above procedure for k-space 
mapping is identical to that of Eermi-surface mapping as outlined by Aebi et al. 
[14]. Eor Eermi surface maps E^ = 0 and correspondingly E^^^ = hw — ^ \s the 
analyzed energy in the detector (see Eqn. 6). Erom Fig. 4 it becomes clear that a 
Fermi surface may be mapped completely, in scanning ky, i.e. the photon energy 
and all emission angles, while the analyzer is set to the Fermi energy E^v^. 
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4 Experimental Results 

4.1 The Temperature Dependence 

of the Exchange Splitting in Nickel 

Ferromagnetism in metals, i.e. the long range order of electron spins, must be 
reflected in the Fermi surfaces. They are splitted in a majority (spin up) and 
a minority (spin down) surface. The exchange interaction that lifts the spin 
degeneracy of the electronic bands translates in an analogous splitting in k- 
space. Above the Curie temperature {Tc{Ni) = 627 K) a ferromagnet becomes 
paramagnetic and loses the ability to maintain a macroscopic magnetisation. 
Therefore the k-space volume that is enclosed by the two Fermi surfaces must 
be the same for spin up and spin down electrons. This is e.g. achieved if the 
exchange splitting of the bands that cross the Fermi level vanishes. It does, 
however, not mean that any magnetic moment disappears - in nickel the d-shell 
remains open - but that there is no more long range correlation between the 
magnetic moments on the lattice sites. Photoemission is able to observe the 
disappearance of the band splitting as well as local correlation effects above the 
Curie temperature, as they were e.g. observed with neutron scattering [15] or 
core level photoemission [16]. 

Aebi et al. have measured a two dimensional cut across the Fermi surface 
of Ni(llO) below and above Tc [5] and found dramatic changes that can not 
be ascribed to thermal broadening. Fig. 5 shows this kind of He la excited 
Fermi surface maps from Ni(lll) [1]. The photoelectron emission intensity is 




[112] 




Fig. 5. Fermi surface maps from angular resolved photoemission. The intensity on a 
linear grey scale (white means high intensity) is displayed as a function of sin(^) and 
(^, 6 being the polar and ip the azimuthal emission angle (0 < ky < 2. 06 A ^). The 
hexagons mark the boundary of the first surface Brillouin zone. In a) the He la excited 
Fermi surface map from Nickel (HI) at room temperature and b) above the Curie 
temperature T/Tc = 1.16. From Ref. [1]. 
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shown on a linear grey scale where white is the highest intensity. The data are 
displayed in parallel projection ky oc sin((9) (see Eqn.lO) with 0 < ky < 2.0GA . 

The azimuthal orientation of the surface and the first surface Brillouin zone 
are indicated as well. Clearly, the Fermi surface map is three fold symmetric as 
expected from an fee (111) surface where more than one layer contributes to the 
photoemission and it becomes evident that dispersion normal to the surface is 
important. The particular bands of interest were identified by band structure 
calculations [1] . There are direct minority d-band transitions in the first surface 
Brillouin zone, near the zone boundary, and the oo-shaped features in the second 
surface Brillouin zone in the Il2 direction are 5p-bands and carry minority as 
well as majority spin electrons (cf. Fig. 8a)). It is seen how particular bands move 
and not simply broaden in k-space if the sample crosses the Curie temperature. 

The 5p-bands that are split in k “collapse” in approaching the Curie tem- 
perature. Collapsing means that 5p-splitting is not observed anymore and that 
the angular full width at half maximum broadening of the band is less than 
0.2 A . The observed collapse of the splitting is in line with a Stoner picture 
where the exchange splitting decreases with the bulk magnetization. In Fig. 6 this 
collapsing of the 5p-bands is shown with angular distribution curves (ADC’s). 
The ADC’s in Fig. 6 show the photoemission intensity at the Fermi level as a 
function of the azimuthal emission angle <p. There the 5p-bands in the oo-shaped 
features at a polar emission angle 6 of 78° (ky = 2. 01 A ) are shown (see Fig. 
5). The azimuthal angle 0 = 0 refers to the azimuth of the [ll2] direction. Here 
an angle step Af of 1° corresponds to a Ak of 0.035 A . The spin polarization 
is assigned from comparison with band structure calculations where the inner 
peaks reflect the minority sp- bands while the outer ones those with majority 
spin [1]. In Fig. 6 b) and c) the angular width of the 5p-band features at the 
Fermi level are presented as a function of temperature. In Fig. 6 b) the data are 
shown with the thermally induced broadening that increases linearly above T^. 
If this linear increase is subtracted below Tc as well, the data fit the bulk mag- 
netization (solid line in Fig. 6c)). The data in Fig. 6 contain, besides the exchange 
splitting in k-space, additional information as the width of the individual spin 
bands and the intensities. This will be further discussed in subsection 4.2.. 

The 5p-bands contribute only a few per cent to the magnetic moment of 
0.6 jiB ki nickel. The main contribution stems from the hole in the minority 
d-shell. Therefore, the minority d-bands at the Fermi level are key players for 
the magnetism in nickel. In Fig. 7 the calculated band structure and measured 
photoemission cuts across k-space, where the interplay between the d-bands and 
the 5p-bands is seen, were displayed. The LKKR calculation [18] Fig. 7a) shows 
the expected bands. While the k-locations of the bands are well reproduced, 
the energies do not correspond to the measurements since renormalization of 
the energy scale due to self energy and correlation effects {N ^ N — 1) are not 
taken into account in these calculations [11]. A minority d-band crosses the Fermi 
level and appears - in agreement with inverse photoemission [19] - exchange- 
split by 280 ± 20 meV from its occupied majority sister band. In approaching 
the Curie temperature the occupied majority band gains energy and merges 
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Fig. 6. Temperature dependence of the sp-bands. In a) angular electron distribution 
curves (ADC’s) for the emission from the Fermi level taken at various temperatures 
T/Tc are shown (Tc = 627 K). At lower temperatures the exchange splitting in k- 
space can be readily observed. In b) the the angular full widths at half maximum of 
the spin split 5p-bands are shown. In c) the linear temperature induced broadening 
is subtracted and it is seen that these data follow the bulk magnetisation (solid line). 
Data from Ref. [17]. 



at this particular k-point with the minority band at the Fermi level. In this 
region of k-space a 5p-band is very close to the d-band. We consider this sp-d 
hybrid to be a zone where scattering between spi and electrons may occur 
within thermal fluctuations. Such scattering events are a strong perturbation of 
the local magnetic moment and can thus drive the ferro- paramagnetic phase 
transition. An analysis of the intensity of the minority and the majority band 
indeed fuels the proposition [20] that this is a magnetically active region which 
decreases Tc with respect to the expectations from the Stoner model [21]. 



4.2 Influence of a Commensurate Insulator 
on the Magnetism of Nickel 

The evolution of the electronic structure of band ferromagnets in interfaces is 
of key importance for the understanding of phenomena like the giant magneto 
resistance (GMR) [22] where only recently spin sensitive tunneling junctions be- 
came a subject of intense research [23]. It is known that the adsorption of atoms 
or molecules strongly influences the electronic structure of the surface states of 
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Fig. T. (a) Spin-polarized LKKR calculation covering the section in k-space of the 
measurements. Majority spin bands are given in gray, minority bands in black, (b)- 
(d): He la excited polar-angle scanned electron distribution curves EDCs taken from 
Ni(lll) along the azimuth which is clock wise 23° off [112], measured at three different 
temperatures: (b) 0.47 Tc, (c) 0.80 Tc, and (d) 1.21 Tc. From Ref. [20]. 



nickel [24,25,26,27,28]. Though, the energy and momentum of bulk states were 
less involved in the interface forming process. There are reports on “intensity 
shifts” in the bulk bands of nickel upon adsorption of hydrogen [29] . This means 
that the adsorption of hydrogen on nickel causes strong matrix element effects 
but no energy or momentum shifts were reported. However, Boschung et al. in- 
terpreted these intensity shifts as an indication for the hybridisation of hydrogen 
with the nickel d-band [29] . 

Here we review the system of one layer of hexagonal boron nitride on Ni(lll), 
where bulk band distortions and intensity redistributions in the 5j)-bands were 
found [30]. Hexagonal boron nitride forms a perfect commensurate (1x1) over- 
layer on Ni(lll) [31,32]. Nominally /i-BN is a closed shell sp^ network within 
the single layers and is, due to the ionicity of the BN bond, a wide gap insulator 
(E^gap = 5.3 eV). Therefore it should not contribute with metallic bands to the 
conduction, nor be magnetic. It is, however, classified to be “metallic” on basis 
of a soft phonon mode as identified by high resolution electron energy loss spec- 
troscopy (HREELS) [33] and one layer is not thick enough in order to prevent 
electrons to tunnel across [32]. Eig.8 shows the Eermi surface maps of Ni(lll) 
and /z-BN/Ni(lll). It can be seen that the /i-BN overlayer with (nominally) no 
electronic states on the Fermi surface, strongly influences the shape of the Fermi 
surface of the underlying nickel and therefore the electronic coupling across the 
interface. The Fermi surface gets distorted and new features emerge. It is seen 
that the Ni(lll) Fermi surface features are replicated three more times in the 
/z-BN/Ni(lll) case (Fig. 8b)). They are shifted by a primitive reciprocal surface 
lattice vector Q. This is a (1x1) surface umklapp process where the reciprocal 
lattice vector G in the photoemission (see Eqn. 2) contains as well an element 
of the two dimensional reciprocal surface lattice. The occurrence of such surface 
umklapps indicates that the h-BN layer acts as a grating for any electrons that 
cross this interface and therefore such umklapps influence the tunneling charac- 
teristics of such junctions. Since the 5p-bands are exchange split (see below) this 
will affect the spin asymmetry in the tunneling current. From the observation of 




Fig. 8. Fermi surface map from a) Ni(lll) measured with He 1/3 radiation (A;|| < 
2 .I 5 A and b)/i-BN/Ni(lll)) measured with He la radiation (k\\ < 2.15A are 
shown. The differences of a) relative to the Fermi surface maps in Fig. 5 are mainly 
given due to the normalization of the data of each azimuthal scan and much less due to 
the slightly different photon energy. The hexagons indicate the first surface Brillouin 
zone. The vector Q indicates an umklapp process and is a reciprocal vector of the 
surface lattice. From Ref. [30]. 



an umklapp in photoemission it is not straightforward to decide to which extent 
the initial state is affected since diffraction of the photoelectron in step 2 (trans- 
port to the surface) may lead as well to umklapps. An unambiguous indication 
of an interaction of the overlayer with the substrate are energy and momentum 
shifts of the electronic states. Intensity variations are more difficult to under- 
stand since they involve a quantitative understanding of the matrix element in 
photoemission. 

In Fig. 9 two angular cuts across the 5 ]>bands at the Fermi level, in the 
second surface Brillouin zone of Ni and /z-BN/Ni(lll), are displayed analogous 
to the cuts shown in Fig. 6 . For Ni(lll) (/i-BN/Ni(lll)) the same polar emission 
angle 6^ = and the photon energies of 23.1 ( 21 . 2 ) eV were chosen in order to 
sample the same parallel momenta at the same emission angles 6m [34]. The 
different photon energies compensate for the work function differences of the two 
surfaces. The four peaks are characterized by their positions, their width and 
their area A. The k-exchange splitting between the majority and the minority 
5 p-band is 0.19 (0.1 6) A . This decrease of the sp exchange splitting in k-space 
is not expected to be a consequence of the slightly different k^^ that were probed 
for the two cases [35]. It is an effect on the initial states at the Fermi energy and 
thus indicates the influence of the /i-BN on the motion of the electrons in this 
interface. 

The minority 5 p-band peak width 7 ^ is about 30% larger than that of the 
majority bands ( 7 ^). This is in line with a shorter lifetime of minority excitations 
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Fig. 9. Photoemission intensity at the Fermi level versus azimuthal angle <j). The polar 
emission angle {6m = 78°) is kept constant. (^9=0 is defined along the [112] azimuth. 
The arrows indicate the minority ^ and majority t sp-bands, respectively, a) Ni(lll) 
measured with He 1(3 radiation. b)/i-BN/Ni(lll) measured with He lo; radiation. Note 
the strong change in the intensity ratio between minority and majority spin transitions. 
Data from Ref. [30]. 



[36]. In three dimensional systems, however, the connection between the angular 
broadening and the initial- and final state lifetimes is quite involved [37]. The 
intensity variation of the spin up / spin down “doublets” left and right from 
the high symmetry plane are caused by the loss of mirror symmetry due to the 
oblique incidence of the photons in our experimental setup. It provides a rough 
estimate for the change of the photoemission matrix element with respect to the 
orientation of the incoming light. In the following the area ratio T = \ 

shall be discussed. For Ni(lll) (T/vi(in)=1.7) it does not correspond to that on 
Ni(lOO) {hhj = ddel/) found by Petrovykh et al. [38,39,40] (0.56) nor to that on 
Ni(llO) (0.8) [38,40]. The data from Ref. [41] indicate for Ni(llO) and He la 
radiation F/vi(no)=F3. Therefore T may bank on the experimental parameters 
and/or the crystal face. 

In Fig. 9 an experiment that demonstrates the change of T upon the ad- 
sorption of a monolayer of hexagonal boron nitride is shown [30]. The change 
in the area ratio T = A^ : A^ = 1.7 for Ni(lll) to 1.1 for /i-BN/Ni(lll) bears 
information on the spin dependent electron transmission coefficient. The h-BN 
overlayer clearly alters the intensities of the spin polarized direct photoemission 
transitions at these particular places in k-space. This behavior of decreasing T 
upon adsorption of a non-magnetic layer can be related to spin dependent scat- 
tering of the electrons during the propagation to the detector (step(ii) in the 
three step model for photoemission). The data in Fig. 9 emphasize that mi- 
nority photoelectrons get much more efficiently scattered. This is in line with 
the Siegmann rule [42] stating that at low kinetic energies the inelastic electron 
scattering cross section is essentially proportional to the number of valence band 
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(i-holes of a material. Thus for ferromagnets, where the d-holes are polarized, 
a spin hlter effect is expected and in nickel minority spins are scattered more 
efficiently. In the case of /z-BN the Siegmann rule predicts no spin filtering since 
h-BN has no polarized d-shell. Therefore our finding of a strong asymmetry 
of the spin transition intensities calls for an extension of the Siegmann rule: it 
signals that spin filtering may also occur in or due to non-magnetic overlayers 
that are coupled to a magnetic substrate. This coupling may be mediated by 
hybridisation of delocalized 5p-states extending into the interface and/or by the 
h-BN grating on Ni(lll) that increases the available phase space for electron 
hole pair excitations in a spin selective way. Though the umklapps may play a 
crucial role for the understanding of the magnetic coupling across this interface 
it has to be emphasized that these very same umklapps may influence the matrix 
elements of the two spin channels shown in Fig. 9. The possible influence of spin 
selective hybridisation of the h-BN orbitals on the 5p-bands seems, however, to 
be unlikely since it is not expected that the /z-BN bond is selective to the spin of 
the nickel sp-bands. The (essential) assumption of a constant matrix element for 
a quantitative determination of the spin scattering asymmetry may be hampered 
by surface umklapp processes [30] and therefore all possible physical mechanisms 
have to be examined carefully before definite conclusions can be drawn on the 
absolute value of spin filtering effect of a single layer h-BN on Ni(lll). 

5 Conclusions 

Angle scanned photoemission experiments give a detailed insight in the electron 
dynamics of magnetic interfaces. At the Fermi energy the exchange interaction 
induced splitting in k-space can be clearly observed and studied as a function 
of temperature. Within the accuracy of the experiment this splitting is propor- 
tional to the bulk magnetisation. For the h-BN/Ni(lll) interface distortions of 
the Fermi surface indicate an influence of a nominally non magnetic and non con- 
ducting overlayer. The overlayer acts as an atomic grating and produces surface 
umklapp processes in the photoemission final state. The relative photoemission 
intensities of spin polarized sp-bands are strongly affected by the /i-BN overlayer. 
Implications for a new spin-filter effect in h-BN/Ni(lll) are discussed. 



Acknowledgments 

It is a big pleasure to acknowledge fruitful collaboration with Thomas Kreutz, 
Willi Auwarter, Philippe Aebi and Jiirg Osterwalder. Felix Baumberger and 
Matthias Hengsberger critically read the manuscript. 

References 

1. T.J. Kreutz, T. Greber, P. Aebi, J. Osterwalder, Phys. Rev. B, 58 (1998) 1300. 

2. D.T. Pierce and W. E. Spicer, Phys. Rev. Lett., 25 (1970) 581. 




Probing the Electronic States of Band Ferromagnets 



109 



3. U. Banniger, G. Busch, M. Campagna, H.C. Siegmann, Phys. Rev. Lett., 25 (1970) 
585. 

4. T. Greber, O. Raetzo, T. J. Kreutz, P. Schwaller, W. Deichmann, E. Wetli and 
J. Osterwalder, Rev. Sci. Instrum., 68 (1997) 4549. 

5. P. Aebi, T.J. Kreutz, J. Osterwalder, R. Easel, P. Schwaller and L. Schlapbach, 
Phys. Rev. Lett., 76 (1996) 1150. 

6. G.S. Fadley, Prog. Surf. Sci., 16 (1984) 275. 

7. J. Osterwalder, T. Greber, A. Stuck, L. Schlapbach, Phys. Rev. B , 44, 13764 
(1991). 

8. S. Hiifner, Photoelectron Spectroscopy, (Springer, Berlin, 1995) 

9. F.J. Himpsel, Advances in Physics, 32 (1983) 1. 

10. J. Osterwalder, Surface Rev. and Letters, 4 (1997) 391. 

11. F. Manghi, V. Bellini, J. Osterwalder, T. J. Kreutz, P. Aebi and G. Arcangeli Phys. 
Rev. B, 59 (1999) 10409. 

12. G. Van der Laan, Phys. Rev. B, 51 (1995) 240. 

13. D. Oberli, R. Burgermeister, S. Riesen, W. Weber and H.G. Siegmann, Phys. Rev. 
Lett. ,81 (1998) 4228. 

14. P. Aebi, J. Osterwalder, R. Easel, D. Naumovic and L. Schlapbach, Surf. Sci., 
307-309 (1993) 917. 

15. G. Shirane, O. Steinsvoll, Y.J. Uemura and J. Wicksted, J. Appl. Phys., 55 (1984) 
1887. 

16. A. Kakizaki, J. Fujii, K. Shimada, A. Kamata, K. Ono, K.-H. Park, T. Kinoshita, 
T. Ishii, and H. Fukutani, Phys. Rev. Lett., 73 (1994) 2781. 

17. T. J. Kreutz, The temperature-dependent electronic structure of nickel metal, 
(Thesis, Universitat Zurich 1997). 

18. J.M. MacLaren, S. Grampin, D.D. Vvedensky, R.G. Albers, J.B. Pendry, Gomput. 
Phys. Gommun.,60 (1990) 365. 

19. W. von der Linden, M. Donath and V. Dose, Phys. Rev. Lett., 71 (1993) 899. 

20. T. Greber, T.J. Kreutz and J. Osterwalder, Phys. Rev. Lett., 79 (1997) 4465. 

21. O. Gunnarson, J. Phys. F, 6 (1976) 587. 

22. M.N. Baibich, J.M. Broto, A. Fert, F. Nguyen Van Dan, F. Petroff, P. Etienne, G. 
Creuzet, A. Friedrich and J. Ghazelas, Phys. Rev. Lett. ,61 (1988) 2472. 

23. J. Maria De Teresa, A. Barthelemy, A. Fert, JP. Gontour, F. Montaigne and P. Se- 
neor. Science, 286 (1999) 507. 

24. F.J. Himpsel and D.E. Eastman, Phys. Rev. Lett., 41 (1978) 507. 

25. M. Donath, F. Passek and V. Dose, Phys. Rev. Lett., 70 (1993) 2802. 

26. F. Passek and M. Donath, Phys. Rev. Lett., 71 (1993) 2122 . 

27. H. Namba, N. Nakanishi, T. Yamaguchi and H. Kuroda, Phys. Rev. Lett., 71 
(1993) 4027. 

28. E. Boschung, Th. Pillo, J. Hayoz, L. Patthey, P. Aebi and L. Schlapbach, J. El. 
Spectr. and Rel. Phen., 101-103 (1999) 349. 

29. E. Boschung, Th. Pillo, J. Hayoz, L. Patthey, P. Aebi and L. Schlapbach, Phys. 
Rev. B, 58 (1998) R10210. 

30. T. Greber, W. Auwarter and J. Osterwalder, In ’’The Physics of Low Dimensional 
Systems”, Ed. J.L. Moran-Lopez, Plenum, New York, (2001) pg. 411-418. 

31. A. Nagashima, N. Tejima, Y. Gamou, T. Kawai and G. Oshima, Phys. Rev. B, 51 
(1995) 4606. 

32. W. Auwarter, T. J. Kreutz, T. Greber and J. Osterwalder, Surf. Sci., 429 (1999) 
229. 

33. C. Oshima, A. Itoh, E. Rokuta, T. Tanaka, K. Yamashita, T. Sakurai, Sol. State. 
Comm., 116 (2000) 37. 




no 



T. Greber 



34. It is misleading to call this “the same initial state location” as it was done in [30]. 
Note if the same initial states (k^) shall be sampled the same photon energy has 
to be used, though the polar emission angle depends on the inner potential. In the 
present case we get from Eqn.Oa and Eqn.lO for kf± 1.06 and 1.00 A for Ni(lll) 
and h-BN/Ni(lll), respectively. The difference corresponds to 2% of the Brillouin 
zone diameter. 

35. In Ni(lll) the k-splitting of He la excited sp-bands at 0m=7S° is 0.18 A \ 

36. M. Aeschlimann, M. Bauer, S. Pawlik, W. Weber, R. Burgermeister, D. Oberli and 
H.-C. Siegmann, Phys. Rev. Lett., 79 (1997) 5158. 

37. J.K. Grepstadt, B.J. Slagsvold and I. Bartos, J. Phys. E, 12 (1982) 1679. 

38. K.N. Altmann, D.Y. Petrovykh, G.J. Mankey, N. Shannon, N. Gilman, M. 
Hochstrasser, R.E. Willis and F.J. Himpsel, Phys. Rev. B , 61 (2000) 15661. 

39. D.Y. Petrovykh, K.N. Altmann, H. Hochst, M. Laubscher, S. Maat, G.J. Mankey 
and F. Himpsel, Appl. Phys. Lett., 73 (1998) 3459. 

40. F.J. Himpsel, K.N. Altmann, G.J. Mankey, J.E. Ortega and D.Y. Petrovykh, J. of 
Magnet, and Magnet. Mat., 200 (1999) 456. 

41. T.J. Kreutz, P. Aebi, and J. Osterwalder, Sol. State Gomm., 96 (1995) 339. 

42. H.-G. Siegmann, J. El. Spectr. and Rel. Phen., 68 (1994) 505. 




Temperature Dependence of Spin- 
and Angle- Resolved Photoemission of Ni 



Akito Kakizaki 

Institute of Materials Structure Science, 

High Energy Accelerator Research Organization, Tsukuba 305-0801, Japan, 
Present address: Institute for Sollid State Physics, University of Tokyo, 
Kashiwa, Chiba 277-8581, Japan 



Abstract. Photoelectron spectroscopy has been continuing to be one of the major ex- 
perimental techniques to investigate electronic structures of solids and solid surfaces. 
It is not only by the reason that photoemission spectra give us information on energy-, 
momentum- and spin-dependent electronic structure of the material under the study, 
but also that we could obtain information on many-body interactions between photoex- 
cited hole and the electron system in the solid, which accompanies with photoelectron 
excitation and its decay processes. Especially, the application of synchrotron radia- 
tion to photoemission allows easily to change the energy and polarization of incident 
photons, and to obtain more precise information on the electronic structures. Recently, 
insertion devices further improve the feasibility of photoemission experiments requiring 
high incident photon flux such as spin-resolved photoemission and magnetic linear and 
circular dichroism in photoemission spectra, which provide us complimentary informa- 
tion on the electronic structures of magnetic materials. In the following, we will concern 
with spin-dependent electronic structures of Ni obtained by spin- and angle-resolved 
photoemission experiments at finite temperature. 



1 Introduction 

Now let us consider a solid irradiated by photons with energy, hu, sufficiently 
large to extract photoelectrons from a solid surface. The photoelectron intensity 
from the solid, /, is given in the dipole approximation by [1] 

ij 

where | i > and | / > denote the initial and final states of the electron system 
of the solid with energy and e / and with momentum ki and k / , respectively. 
The summation is over the indices i and / of all pairs of initial and final states 
which can participate. When the electronic states of the solid can be described 
as Bloch states, a term representing momentum conservation including Umklapp 
process, S{kf — ki — G) with reciprocal vector G, is to be added to eq. (1), which 
gives the angular distribution of the photoelectron intensity depending on k^. 
Therefore, each peak which appears in the energy distribution curve (EDO) of 
photoelectrons corresponds to an initial electronic state of the solid. Although 
it is not quite simple, one can obtain an energy dispersion of the valence band 
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Fig. 1. Energetics of a direct transition from exchange split valence bands at a point 
along some arbitrary direction in fc-space. 



of a solid by comparing the measured EDCs with a valence band structure cal- 
culated on the basis of the one-electron approximation (Fig. 1). In addition, if 
we could identify the spin state of photoelectrons, we can decompose EDCs into 
two subsets of photoelectrons with spins parallel and anti-parallel to a certain 
direction. Hence, by taking the macroscopic magnetization direction as the spin 
quantization axis, we can obtain spin-resolved electronic structures of magnetic 
materials [2,3]. 

It is known that a hole produced in the electron system through a pho- 
toelectron excitation process relaxes through various decay channels including 
electron-electron interaction and/or electron- hole interaction. The relaxation 
process will cause the deviation of the spectral profile from the one simply 
expected by eq. (1). In the approximation where the interaction between the 
out-going photoelectrons and the electron system left behind is small, the inter- 
action is renormalized into the self-energy Hence, eq. (1) is modified 

as 



/(x^|(/|rK)|2^(fc„e,) (2) 

hf 

where A(ki^ei) = (l/7r)Im[ey — Ci — hv — represents the spectral 

function. In the non-interacting limit, A(ki^ei) = S{ef — — hu) and spectral 

features of an EDC consist of J-function at the binding energies expected by the 
one-electron approximation, i.e. eq. (1). In the simplest case where the self-energy 
is energy and momentum independent, the spectral function has a Lorentzian 
form with the width of 2|Imi7 |, and Re(i7) determines the shift of the binding 
energy from its value of one-electron approximation. In general case, the self- 
energy is momentum dependent and spectral features appear at the poles of 
the spectral function. Hence, manybody effects due to the interaction between a 
photoexcited hole and the electron system of the solid, i.e. electron correlation 
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Fig. 2. Photoelectron intensity expected for a correlated electron system. 



effects, will appear in the spectra as the shift of peak position from the one- 
electron band calculation, the appearance of satellites, the asymmetric spectral 
features of main peaks, etc. (Fig. 2). In other words, the analysis of photoemission 
spectra reveals the information on electron correlation effects in a solid. We could 
obtain information on the spin-dependence of the correlation effects by the spin 
analysis of photoemission spectra, where the photoproduced hole plays not only 
as a test charge but as a test spin to the electron system. 

The electron spin analysis can be achieved by utilizing the spin dependent 
elastic and inelastic scattering processes between photoelectrons and electrons 
in a solid [4,5]. Among many kinds of spin-polarimeters developed so far, a Mott 
scattering polarimeter is one of the most widely used ones with its advantages 
of a high efficiency, good stability and possibility of self-calibration [6]. Fig- 
ure 3 shows schematics of a spin- and angle-resolved photoemission experiment. 
In the Mott polarimeter, transversely polarized photoelectrons are scattered by 
a target with a large atomic number, which results in a left-right asymmetry 
of the scattering intensities due to the spin-orbit interaction of photoelectrons 
in the scattering process. If one knows the effective Sherman asymmetry func- 
tion, Seff, which is characteristic to the target atom, the transverse polarization 
component, P, of the incident photoelectrons can be obtained by the relation, 
P = AjSeff, where A = {Nl — Nr)/{Nl + Nr) is the left-right scattering 
asymmetry determined by the number of electrons scattered to the left, Nr^ and 
right. Nr, respectively. Practically, the spin-resolved EDCs of photoelectrons 
parallel {N^) and anti-parallel (A^^) to the magnetization direction are more in- 
structive and are derived using measured photoelectron intensities. Nr and Nr, 
as TVtd = (l±^)/2^e//(A^L + Nr). 

In the following, we take Ni as a typical example of itinerant forromagnets, 
or band-ferromagnets that reveal above mentioned electron correlation effects. 
We will present the spin- and angle-resolved photoemission spectra of Ni valence 
band and its satellites and their temperature dependence. We discuss the electron 
correlation effects and their temperature dependence observed in the spectra by 
comparing with band calculations. 
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RHEED 




Fig. 3. A schematic diagram of a spin- and angle-resolved photoemission experiment 
of magnetic materials. Upper part consists of a standard set of sample preparation 
equipments and lower part a hemispherical electron energy analyzer with a compact 
Mott scattering type electron spin detector. 



2 Correlation Effects in Valence Band Spectra of Ni 

The electronic structure of ferromagnetic Ni has been the subjects of intensive 
studies as a prototype of band-ferromagnets, where the band model reasonably 
explains the ground state properties such as the existence of the Fermi level in 
3d bands, non-integral number of Bohr magnetons per atom, etc. [7]. However, 
the valence band structure of Ni observed by angle-resolved photoemission ex- 
periments shows a number of discrepancies from theoretical band calculations 
based on a one-electron approximation [8]. The photoemission spectra show a 
reduced exchange splitting and narrower 3d bandwidth as well as the existence 
of valence band satellites down to 30 eV from the Fermi level. These discrep- 
ancies have been attributed as consequences of the strong electron correlation 
effects in the partially filled Ni 3d band [9,10,11,12]. So far, a number of cal- 
culations of Ni valence band spectra invoking correlation effects, i.e. so-called 
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Binding Energy (eV) 



Fig. 4. Majority (dotted curve) and minority spin (solid curve) spectra of Ni(llO) 
observed in the normal emission mode. 



quasi-particle band structure, have been carried out and the reduction of ex- 
change splitting and the narrowing of 3d bandwidth are interpreted in terms of 
self-energy [13,14,15,16,17,18,19]. The calculations also reproduce the appear- 
ance of the valence band satellites as poles of the self-energy. The electronic 
structure of Ni was observed by spin- and angle-resolved photoemission exper- 
iments to discuss the origin of the discrepancies of the measured spectra from 
the one-electron approximation [20,21]. Figure 4 shows a set of majority and 
minority spin photoemission spectra of ferromagnetic Ni(llO) measured in the 
normal emission mode with excitation energies from 20 to 90 eV, which corre- 
sponds to the F-K-X direction of the Brillouin zone (B.z.) [22]. In both spin 
spectra the peak positions of the spectral features show an obvious photon en- 
ergy dependence, which reflects the energy dispersion of the photoexcited flnal 
state, or quasi-particle bands. It should be remarked in the flgure that the pho- 
ton energy dependence of the majority spin spectra is different from those of 
corresponding features in the minority spin spectra. Figrue 5 shows the experi- 
mentally obtained valence band structure, which plots the positions of spectral 
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Fig. 5. Experimentally obtained valence bands of Ni(llO). A and T correspond to 
majority and minority spin bands, respectively. Thin curves (majority spin) and dahed 
thin curves (minority spin) show calculated band structure based on the LDA. 



features appeared in the EDCs by assuming free electron final states for both 
spin states. 

A one-electron band calculation in the local density approximation (LDA) is 
also shown in the figure [23,24]. In the LDA, the spin-resolved band structure of 
the ferromagnetic phase was derived by simply introducing a constant exchange 
potential between the majority and minority spin states. In the figure, one can 
observe considerable discrepancies between experimentally obtained band struc- 
ture and the result of the LDA calculation. The observed 3d majority and mi- 
nority spin bands appear at smaller binding energies than those expected by 
the calculation, which was also observed in the spin-resolved XPS spectra [25]. 
By comparing with the calculation reducing 30% of the 3d bandwidth [7], the 
observed valence bands are assigned to exchange split 5-like Z’i(6'i) bands and 
d-like Xi(5'i), ^ 3 ( 83 ) and ^ 4 ( 84 ) bands. The binding energies and the exchange 
splitting energies at high symmetry points in the B.z. are given in Table 1. The 
observed energies are much smaller than those of the LDA calculation. 

There have been many attempts to calculate photoemission spectra by taking 
an electron correlation effect into account. In Table 1, we present the results 
calculated in the GW approximation (GWA) [16] and those by Hoyland and 
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Table 1. Experimental and calculated binding energies and exchange splitting (Aex) 
of Ni 3d bands at special points in the B.z. (energies in eV). 





Experiment 




EDA calc. 




GWA calc. 


16 


TDS calc. 


15 






Aqx 




Aqx 




Aex 




Aex 


Fi2t 


1.05 


0.30 


1.35 


0.66 


0.9 


0.6 


0.60 


0.12 


Fi 2 ^ 


0.85 




0.69 




0.3 




0.48 




K4^ 


0.70 


0.15 


1.18 


0.63 






0.52 


0.13 


K4i 


0.55 




0.55 








0.39 




Kst 


1.50 


0.10 


2.07 


0.50 


1.8 


0.6 


1.24 


0.13 


K 34 


1.40 




1.57 




1.2 




1.11 




X 2 t 


0.35 


0.10 


0.59 


0.50 


0.5 


0.3 


0.22 


0.18 


X 24 


0.25 




0.09 




0.2 




0.03 




X3t 


3.35 


0.40 


4.31 


0.50 


3.5 


0.6 






X 34 


2.95 




3.80 




2.9 









Jordan [15] based on the model of Triglia, Ducastelle and Spanjaard (TDS) [13]. 
Both calculations, TDS and GWA invoking the electron correlation, reproduce 
the experimental results better than the EDA calculation, which re-confirms the 
importance of the consideration of the correlation effects. It should be remarked 
that the differences between observed binding energies and those of the EDA 
calculation at high symmetry points are larger in the majority spin bands than 
those in the minority ones. This implies that the quasi-particle energies and hence 
the electron correlation effects show a spin dependence. In the TDS calculation, 
it was shown that the difference of the available scattering channels for the 
majority and minority spin electrons in the photoexcited hnal state causes the 
spin dependence of the quasi-particle energies. For a qualitative investigation, 
we have evaluated the average binding energy shifts of the observed bands from 
those of the EDA calculation. The energy shifts averaged over high symmetry 
points are found to be 0.51 eV and 0.14 eV for the majority and minority spin 
bands, respectively. The larger energy shift in the majority spin bands implies 
that the electron correlation effect appears more obviously in the majority spin 
electrons than in the minority ones, which leads to the reduction of the exchange 
splitting energies. 

So far, many of the spin- and angle-resolved photoemission spectra have been 
restricted to some high symmetry points in B.z. The quantitative comparison 
with calculated quasi-particle band and the discussion on spin- and wavevector- 
dependence of the self-energy are not satisfactory. For further analysis of cor- 
relation effects observed in photoemission spectra, a more precise information 
derived from spin- and angle-resolved photoemission spectra with better energy 
and momentum resolution are needed. 




118 



Akito Kakizaki 



3 Temperature Dependence of Ni(llO) Valence Bands 

A macroscopic picture of a ferromagnet is explained as a result of a different 
occupation number of valence electrons with the spin magnetic moment parallel 
and anti-parallel to the magnetization direction, which results a spontaneous 
magnetization below a critical temperature (Tc). An energy-, momentum- and 
probably temperature-dependent exchange interaction separates the energy lev- 
els of these subsets of electrons. Hence of particular interests are the temperature 
dependence of the electronic structure and its energy and momentum dependence 
as a function of the spin quantum number, which would provide a valuable con- 
tribution to a microscopic description of the band-ferromagnetism. 

The electronic and magnetic ground state properties of the ferromagnetic 3d 
metals are reasonably understood by the Stoner model based on the mean field 
approximation for electron-electron interaction and neglecting the spin fluctua- 
tion. However, hnite temperature properties of ferromagnetic 3d metals are not 
explained by the model. The Tc expected by the model is too high than the 
observed one [26] and the existence of the short range magnetic order above Tc 
observed by the neutron scattering experiment does not agree with the model 
[27]. In the model, the exchange splitting of majority and minority spin states 
decreases, or collapses with increasing temperature proportional to the macro- 
scopic magnetization and vanishes at Tc. Hence the local magnetic order, i.e. 
ferromagnetic order vanishes above Tc. 

Hopster et al. [13] hrst reported a spin- and angle-resolved photoemission 
of Ni at temperatures close to Tc. They observed that in the spectra of Ni [28], 
the exchange splitting in the valence band collapses to zero as the temperature 
increases to Tc. The temperature dependence of the exchange splitting of the 
valence band of Ni was also investigated by means of the spin dependent inelastic 
electron scattering [29] and the spin polarized electron energy loss spectroscopy 
experiments [30]. However, the exchange splitting does not temperature de- 
pendent in those experiments. In the inverse photoemission experiment [31], 
collapsing behavior of valence bands were observed. On the other hand, in the 
spin-resolved valence band spectra of Fe [32,33], the temperature independent 
peaks were observed in the spectra and the spin polarization of each peak de- 
creases as temperature increases to Tc. The theories based on the fluctuating 
local magnetic moment have been adopted to solve the controversy and to inter- 
pret the temperature- and wavevector-dependence of the spin-resolved valence 
band spectra. 

Korenman and Prange [34] showed that a collapsing and non-collapsing be- 
havior of the exchange split bands in Ni could be explained qualitatively on 
the basis of the local band theory [35]. The local band theory postulates that 
a ferromagnetic band structure could be dehned locally and the resulting lo- 
cal magnetization fluctuates around the macroscopic magnetization direction at 
elevated temperatures. Since we extract photoelectrons at hnite temperatures 
through fast photoexcitation process, observed kinetic energies of photoelec- 
trons may rehect the instantaneous local electronic structure. They emphasized 
the difference of the group velocities of the photoexcited valence holes played an 
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Fig. 6. Temperature dependence of the spin-resolved photooemission spectra of Ni(llO) 
near (a) X-point and (b) X-point in the B.z. Spin integrated spectra (I) are sum of 
majority (A) and minority (a) spin spectra. In both figures, majority and minority 
spin spectra show collapsing behavior as temperature approaches to Tc. 



important role. The SARPES spectra of Fe(lOO) were successfully interpreted 
by the local band theory where the amplitude of the local magnetic moments is 
constant in all temperatures [7,9,10]. However, the local band theory does not 
directly relate to the temperature dependent quasi-particle band structures. 

Figure 6 shows of Ni(llO) valence band measured at temperatures between 
T/Tc = 0.5 and T/Tc = 0.9 near X- (21.2 eV) and X-point (37 eV) in the 
B.z. [36]. The spectra show the collapsing behavior at both symmetry points. 
However, since the spectral features observed near X- and iT-points in the B.z. 
consist of Si, S 3 and ^'4 states and Xi, X 3 and X 4 states, respectively, there 
may exist considerable ambiguities to discuss the temperature and wavevec- 
tor dependence of the spectra by decomposing each spectral feature into three 
constituent bands. As described already, discrepancies between the spin- and 
angle-resolved photoemission spectra and the so-called one-electron band cal- 
culations are attributed to the consequences of the strong electron correlation 
and its spin dependence. The temperature dependence of the spectral profile of 
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a band-ferromagnetic is also to be explained by quasi-particle bands calculated 
by the self-energy into account. The principle of the calculation is to evaluate 
the self-energy combined with the temperature dependent magnetization [21]. 
To understand the basic role of parameters in the calculation, let us consider 
the simple model calculation based on a single-band Hubbard Hamiltonian and 
utilizes a coherent potential approximation (CPA) to approximate many-particle 
description of the Hamiltonian using single-particle model [37] . The correlation 
effect by the intra-atomic Coulomb term of the Hamiltonian is concentrated on 
the coherent potential, which corresponds to a self-energy. The self-energy could 
be derived from a solution of the CPA equation with an assumption of ideal 
Lorentzian density of states for the 3d band. Hence, the spectral function can 
be expressed by three parameters, which are magnetization, bandwidth and ex- 
change energy. As a result of the calculation, it was shown that the collapsing 
and non-collapsing behavior of the spin-resolved valence band is determined by 
the ratio of the exchange energy to the bandwidth. For small value of the ra- 
tio, the spectral density will be a single peak at elevated temperature, while for 
large value of the ratio it will become a double-peaked structure. In other words, 
since the bandwidth is considered as the energy gained by the electron system 
being itinerant in the photoexcited final state, the collapsing and non-collapsing 
behavior of the valence band near Tc measures the relative strength of the itin- 
erancy or band characteristics of the electron system to the exchange energy. 
Hence the collapsing behavior observed in Fig. 8 is explained qualitatively due 
to the comparatively smaller exchange energy (0.3 eV) than the valence band- 
width (2 eV) along the F-K-X direction of the Ni(llO) B.z. The non-collapsing 
behavior observed in Fe(OOl) [32] can be understood due to rather a large ex- 
change energy (2.5 eV) of the band that compared with the bandwidth (4 eV). 
The model was applied to explain the temperature dependence shown in Fig. 6, 
which showed qualitative agreement [38]. 

Quantitatively, however, the simple model is not being applicable to observed 
spectra without further assumption on the quantities, which are not considered 
in the model calculation. This may bring a considerable uncertainty in adjust- 
ing the experimental results to the calculation. We need a new approach con- 
sidering the correlation effects. Nolting et al. [39] have adopted generalized 
Hubbard model considering explicitly the correlation effects and calculated the 
quasi-particle band structure of Ni at elevated temperature. The theoretical cal- 
culation shows good agreement with temperature-and wavevector-dependence of 
the spin-resolved photoemission and inverse photoemission spectra of Ni. The 
result also shows the evidence of the temperature-dependent exchange splitting 
in Ni(llO) and not in Ni(lll). Since the temperature- dependent spin-resolved 
photoemission and inverse photoemission spectra are only available of limited 
surfaces of Ni and Fe, further experimental studies for many band-ferromagnets 
are needed to describe the microscopic origin of the band-ferromagnetism. 
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Binding Energy feV) 

Fig. 7. (a) shows majority (A) and minority (a) spin spectra of Ni(llO) observed 
at the 3d threshold (67eV). Vertical bars correspond to the positions of the 3d^ final 
state conhgurations expected by an atomic model, (b) shows the spin polarization of 
Ni valence band. The statistical error is indicated by bars. 



4 Temperature Dependence 

of Valence Band Satellites of Ni 

The strong electron correlation effects of 3d electrons in Ni causes the localiza- 
tion of the photoexcited hole at a Ni atom and the appearrence of the satel- 
lites in the valence band spectra, the spectral features of which are reasonably 
explained by an atomic model [8,41]. Actually, both spin-integrated and spin- 
resolved spectral features of satellites observed at binding energies of 6 eV, 9 
eV and 13 eV are interpreted by means of 3d^ and 3d^ configurations of a Ni 
atom as shown in Fig. 7 [40,41]. The resonance enhancement of the satellites 
near the 3p threshold (67 eV) is also understood based on an atomic model as 
being due to the interference effect between the direct 3d valence electron ex- 
citation (3p^3d^ 3p^3d^ + el) and the 3p core electron excitation following 

by the M 2, 3 VV super Coster-Kronig (sCK) transition forming two 3d holes in a 
same atomic site {3p^3d^ 3p^3d^^ 3p^3d^ + e/) [42,43,44,45,46]. The hnal 

state of the resonant photoemission mainly consists of the spin singlet (^*9, 

^G) and triplet (^P, ^F) 3d^ configurations and the dominant contribution to 
the 6 eV satellite is due to term. Figure 8 shows the photon energy depen- 
dence of the spin polarization of the term of the 6 eV satellite, which reveals 
characteristic resonant behavior of the satellite near the 3p threshold [46]. At 
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PHOTON ENERGY (eV) 



Fig. 8. Photon energy dependence of the spin polarization of the term of the 6 eV 
satellite. 



elevated temperature, the spectral features iu the maiu valeuce baud chauge as 
a fuuctiou of temperature, while the feature of the 6 eV satellite does uot show 
appreciable temperature depeudeuce [46]. lustead the spiu polarizatiou of the 
6 eV satellite decreases with iucreasiug temperature. These results suggest that 
the photoelectrou excitatiou process to form the two 3d holes is uualtered at 
elevated temperature. If the exchauge splittiug of the valeuce baud of Ni de- 
creases with iucrease of temperature as expected iu the Stouer model, the 3d^ 
coufiguratiou of the fiual state is achieved by the 3p electrou excitatiou to both 
uuoccupied miuority aud majority spiu states aud followiug sCK decay. Heuce 
the weight of the spiu siuglet term iu the 3d^ fiual state coufiguratiou chauges as 
temperature iucreases aud the spectral feature of the 6 eV satellite would show 
temperature depeudeuce. 

Pheuomeuologically based ou the local baud theory [34,35], oue cau assume 
that the maguitude of the local maguetizatiou is temperature iudepeudeut aud 
its directiou fluctuates arouud the macroscopic maguetizatiou directiou iu a time 
scale ^ 10“^^ sec) much louger thau the photoelectrou excitatiou pro- 
cess ^ 10“^^ sec). Siuce we extract photoelectrous at fiuite temperatures 

through the fast photoexcitatiou process, au observed photoelectrou reflects the 
iustautaueous local electrouic structures at a poiut iu the crystal where the di- 
rectiou of the local maguetizatiou is tilted with respect to the macroscopic mag- 
uetizatiou directiou. Siuce the spiu-resolved photoemissiou experimeut is time 
iutegratiug aud the iutegratiug time 10 sec) is iufiuitely louger thau the spiu 
fluctuatiug time, we have observed au averaged maguetizatiou over mauy tilted 
local maguetizatiou. Heuce the spiu polarizatiou of the 6 eV satellite observed 
iu the spiu-resolved resouaut photoemissiou would decrease with iucreasiug tem- 
perature aud will trace the same temperature depeudeuce as the macroscopic 
maguetizatiou. Figure 9 shows the temperature depeudeuce of the characteristic 
spiu polarizatiou of the 6 eV satellite at resouauce together with the macro- 
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Fig. 9. Temperature dependence of the characteristic spin polarization of the 6 eV 
satellite. The solid and dotted curves represent the temperature dependence the macro- 
scopic magnetization and the magnetization of 3 ML in the mean held theory, respec- 
tively. Experimental results are normalized to the macroscopic magnetization at T/ Tc 

= 0.5. 



scopic magnetization. The characteristic spin polarization of the 6 eV satellite is 
normalized to the macroscopic magnetization at T/ Tc = 0.5. The spin polariza- 
tion decreases with increasing temperature and shows quite similar temperature 
dependence as the macroscopic magnetization. The disappearance of the spin 
polarization at Tc corresponds to the disappearance of the long range magnetic 
order at Tc. 

It should be pointed out that in the hgure that the spin polarization decreases 
slightly faster than the magnetization of the 3 atomic monolayers (ML). This is 
consistent to the estimated probing depth of photoelectrons for the 6 eV satellite. 
However, this does not mean that photoemission spectra of Ni films thinner than 
3 ML show similar temperature dependence. Electronic structures and magnetic 
properties of solid surfaces and thin films are rapidly expanding research field in 
the past decade and intensively studied experimentally and theoretically [48]. 

5 Conclusion and Outlook 

Taking Ni(llO) valence band as an example, we have shown that the spin- and 
angle-resolved photoemission experiments provide not only information on the 
majority and minority spin states of ferromagnets but also new opportunities to 
investigate the role of an electron spin in manybody interactions in solids. The 
temperature dependence of the valence band spectra is also qualitatively inter- 
preted invoking the electron correlation effects. However, quantitative discussion 
is not quite surfficient. There have been many works on the spin-resolved quasi- 
particle band structures and their spin dependence, but only a few experiments 
were actually compared with the theoretical calculations [21,39]. Attempts to 
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improve the reliability of the experimental resolution are needed as well as the 
systematic investigations of band-ferromagnets other than Ni and Fe. 

As is obvious in Fig. 9, photoemission spectra only prove a few atomic layers 
from the surface, and by this reason the spin-resolved photoemission is applied 
to directly observe the electronic structures of solid surfaces and thin hlms. 
The experiments on surfaces and thin hlms of magnetic mateiruals as well as 
nano-structures grown on magnetic and non-magnetic surfaces will provide in- 
formation to bridge the gap between two- and three-dimensional magnetic prop- 
erties of materials. Recently, magnetic circular dichroism and related techniques 
are applied to investigate the local magnetic moment of atoms at surfaces and 
interfaces. The cooperation of new experimental techniques with spin-resolved 
phohtoemsision would show more details of the microscopic origin of surface 
magnetism. 

The development of a free electron laser (FEL) as a future light source in a 
vacuum ultraviolet region will surely bring new opportunities to investigate the 
band-ferromagnetism by means of spin-resolved photoemission. The extremely 
high brightness of FEL will allow us to investigate dynamics of spin relaxation 
near Tc, time-resolved behavior of the magnetic moments, spatially- and spin- 
resolved electronic structures of magnetic and non-magnetic solids and solid 
surfaces, which have not been in the scope of spin-resolved photoemission ex- 
periments, so far. 
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Abstract. Spin fluctuations are introduced to describe the flnite temperature prop- 
erties of itinerant electron ferromagnets. To this end it is shown how Gaussian fluctua- 
tions of the magnetic moment can be included in a Landau type free energy expansion. 
From this model various properties are derived such as the temperature dependence 
of the magnetic moment and the susceptibility. By including magneto - volume effects 
an application to Invar alloys is shown. Finally the properties of the spin fluctuations 
are derived from a Landau - Ginzburg model. A discussion of the Curie temperature 
in itinerant electron ferromagnets is given. 



In the Stoner model of itinerant magnetism the temperature dependence of 
the magnetic properties arises from the temperature dependence of the Fermi 
distribution. The results of this model are rather disappointing and lead to an un- 
realistic description of the magnetic behavior. For localized moments the Heisen- 
berg model and similar approaches yield fair results. For these models collective 
excitations of the whole spin system (spinwaves) govern the finite temperature 
properties. In the case of itinerant electrons one can no longer assume the exis- 
tence of a localized spin so that statistical fluctuations of the magnetic moment 
must replace the spinwaves. In an itinerant electron system the magnetic mo- 
ment is carried by the spin density. Figure 1 sketches how such a fluctuation of 
the free electron spin density could be envisaged. 



, , <m(r)> 



r 



Fig. 1. Sketch of a fluctuation (dotted line) of the spin density a (r). 
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1 Fluctuations of a Thermodynamical Variable 



Those physical quantities, which characterize the equilibrium state of a macro- 
scopic system, are always very close (with high accuracy) to their average value 
(this is in fact an alternative dehnition of equilibrium). However, there are (small) 
deviations from equilibrium, the variables fluctuate and one has the problem of 
finding the probability distribution for these deviations. One assumes a system 
in equilibrium and x to be a certain physical quantity which characterizes the 
system as a whole or a part of it (in the first case, x must not be a quantity 
which has to be constant due to any conservation law: e.g. the total energy). An 
elegant way to formulate fluctuations is to use Gaussian statistics: 

From Boltzmann’s formula one obtains for the probability w (x) 



w (x) = exp (5 (x)) X const. 



( 1 ) 



Since the entropy S (x) has to be a maximum for the equilibrium one finds that 
for X = (x) = 0 ((x) is the average value of x) the first derivative of S (x) must 
vanish and the second derivative be negative. 



dS (x) 
dx 



= 0 



d‘^S{x) 

dx^ 



< 0 



for X = 0 



( 2 ) 



It should be noted, that these assumptions of equilibrium properties for the 
entropy causes troubles when approaching a critical point where both the first 
and the second derivative vanish. The Gaussian statistics for the fluctuations is 
therefore restricted to parts of phase space, which are far from critical points. 

Sine the quantity x should be small, one expands S (x) in a Taylor series up 
to second order 

5(x)=5(0)-p . (3) 

With (1) one obtains 



w (x) dx = n exp 




dx 



(4) 



The constant n is given by the condition J w (x) dx = 1 . Although the expres- 
sion for w (x) is only valid for small x, one can carry out the integration from 
— oc to +CXD because the integrand vanishes rapidly for larger values of x. The 
normalization constant n is thus given by 



K = 




(5) 



The probability distribution for x is now given by 




w (x) dx 



( 6 ) 
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A distribution of this kind is called a Gaussian distribution. It shows a maximum 
for X = 0 and decreases monotonically for positive and negative values of x. The 
statistical averages for even powers of the variable x are given by 

^ +00 

J exp dx = {2k - 1)\\ . (7) 

— CXD 

This means in particular that = 77 “^ and (x^) = 3r]~‘^ = 3(x^)^ . Each 
higher order average can be expressed in terms of (^^). 



2 Fluctuations of the Magnetic Moment 



In the framework of the Landau theory of magnetic phase transitions the mag- 
netic moment M is introduced as an order parameter describing the state of the 
system and the free energy reads in lowest order 

F = , ( 8 ) 



where A and B are given by 



A = - 



1 

2X0 




2xoAfo 



(9) 



In ( 8 ) and (9) Mq and xo are the magnetic moment and the susceptibility of 
the ground state, respectively. Tc is the Curie temperature. It should be noted 
that within the Stoner model is of the order of a few thousand K and thus 
unrealistically large. This is the reason why this temperature dependence of 
A, which comes from the Stoner- (single-particle-) excitations, is in most cases 
neglected. Usually it is assumed that M is a scalar. This is reasonable because 
time reversal symmetry demands that M appears only in even powers like = 
M • M which is always scalar. When one now deals with fluctuations one has to 
recognize the vector properties of both the magnetization and its fluctuations. 
For reasons of symmetry one can postulate that the volume integral over odd 
powers in the fluctuation always vanishes. If now m (r) is the locally fluctuating 
magnetic moment one assumes 



1 

V 



(m (r))’^ dr 



f {mA) for n = 2k 
I 0 for n = 2 /c + 1 



( 10 ) 



As an example the lowest two powers of the new order parameter are calculated. 
Fluctuations appear in all three space directions. The direction of M is taken 
as the z axis of a local coordinate system, so that one has two fluctuations 
perpendicular to M and one parallel. These three components of the fluctuation 
are denoted mi, m 2 , m 3 = mx^my^niz (z is parallel to M). One now replaces 
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the original order parameter by the statistical average of the new order 

parameter (which includes the fluctuation terms) 



2 nv 






m, 



i=l 



Put n = 1 



(11) 



3 3 



EE 






= + 2 (m^) + 



( 12 ) 



On averaging the mixed term vanishes, because appears as an odd power. 
From the term J^i=i ^j=i for f^he same reason only the diagonal elements 

remain. On the rhs of (12) it was assumed that the system is isotropic. This 

means that one describes one component which is parallel to the direction 

of M and two components (m^) which are equal and perpendicular to M. 

Put n = 2 




\ \ 2=1 2=1 j=l 

(g + 4 (wj_)) 




+ 8 (’>n±y + 



3(m|) +4(mi)(m|) 



(13) 



To enter the fluctuation terms into the free energy one replaces the bulk magne- 
tization M in (8) by the respective averages (see (12) and (13)). One obtains an 
expression for the free energy in the variable M which describes the macroscopic 
magnetic moment (bulk moment) and the variables and giving the 

quadratic average over the locally fluctuating magnetic moment. This dynamical 
form of (8) now reads 

F=^(M2 + 2(mi) + (mf)) + 

+M^ (6^to|) + 4(m^ )) + \ 

4 \8(mi)%3(m|J> +4(mi)(m|^j 



The static (without fluctuations) form of the free energy has just been extended 
by the fluctuations. For T = 0 the fluctuation amplitude is zero and (14) reduces 
to (8) . One also notices that the dynamics of the fluctuations scales with the 
static susceptibility (contained in the coefficient A). The first important result 
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is obtained for the fluctuation amplitude at Tc. In the framework of the Landau 
theory, the Curie temperature is given by the point where the susceptibility 
diverges under the condition M = 0. As the bulk magnetization M vanishes 
at Tc there is no longer a difference between the parallel and perpendicular 
fluctuations. This means that for T >Tc ^ (^f) ~ ~ Calculating 

= X~^ ,with M = 0, one obtains 

X~^ = A+ =0 for T = , (15) 

which determines the magnitude of the fluctuations at Tc. One recovers the so 
called Moriya formula [1] 



{ml) = ^ for T = Tc , (16) 

where (m^) is the fluctuation amplitude at the critical temperature. Equation 
(16) shows that this amplitude is entirely given by ground state quantities de- 
fined at T = 0. Equation (16) also allows to formulate an approximation for 
the temperature dependence of the fluctuations. Erom the fluctuation dissipa- 
tion theorem it is obvious that classical fluctuations change essential linear with 
temperature. Since the fluctuations have to vanish at T = 0 and their value at 
T = Tc is known, one can approximate their temperature variation by 

(mf)(T) = (mi)(T) ~ (m^)L = • (17) 

In (17) it was also assumed, that and {rn\_) are identical, which is largely 

true for isotropic systems. 

Erom (14) one can now directly calculate the temperature dependence of the 
bulk moment M 

= 0 = ^M + BM3 + BM(3(mf)+2(mi)) , 

^ = Mq — 3 + 2 {m\) . (18) 

Using the approximations given in (17) one thus obtains 

m2 = Ml (l - 1^) • (19) 

This behavior differs from the Stoner model insofar as the reduction of the mag- 
netic moment at low temperature is stronger. The reason is the same as for the 
comparison between the Weiss- and the Heisenberg model: the collective modes 
described by the spin fluctuations can readily be excited at low temperature, 
where the Stoner excitations are still very small. A comparison of these two 
models is shown in Eig.2 
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Fig. 2. Temperature dependence of the magnetization for the spinfluctuation model 
(full curve) and the Stoner model (dashed curve). 



It is useful to study also the temperature dependence of the order parameter 
defined in (12) 




— Mq ^ + 2 (mi) + ) 



^o(i-i^) t<t, 
T>n 



( 20 ) 



The temperature behavior of the bulk moment, the fluctuations and the order 
parameter is shown in Fig. 3. The bulk magnetic moment M vanishes at Tc, 
but the local moments due to the fluctuations exist at all temperatures. This 
behavior distinguishes the fluctuations from the Stoner model where no magnetic 
moment exists above Tc so that the paramagnetic state is assumed to be a true 
non-magnetic state. 

The susceptibility below and above Tc is given by 



X = Xo ( 


-w 


for T <Tc , 


(21) 


X = 2X0 


a-')' 


for T >Tc , 


(22) 



which leads to a Curie constant C 



dT 



1 

2xoFc 



(23) 



which is no longer temperature dependent as for the Stoner model and thus 
describes a Curie- Weiss behavior. 
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Fig. 3. Temperature dependence of the bulk moment (full curve), the fluc- 
tuations -\J (dotted curve), and the order parameter | (dashed curve). 



Based on these results which were hrst introduced by Murata and Doniach 
[2] and the work by Lonzarich and Taillefer [3] , Mohn and Wohlfarth [4] derived 
a simple model for the Curie temperature in weakly itinerant systems 



Tc oc Tsf 



lOfcsXo 



(24) 



In (24) Tsi? is a characteristic temperature which scales with the actual ordering 
temperature Tc. In Fig. 4 the relation between Tsf and the experimental Curie 
temperature Tc is shown. 




experimental Curie Temperature 



Fig. 4. Relation between Tsf and the experimental Tc. 



Equation (24) describes the long wave length limit for fluctuations in weakly 
itinerant systems and is thus an approximation which is based on the assumption 
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of an effective cut-off for the collective excitations which should be fairly con- 
stant. In the literature this approach is known as the Mohn-Wohlfarth model and 
has triggered considerable interest in the application of spin fluctuation theory. 
Although this approach can be expected to break down for strong ferromagnets 
[6] it can still be used to describe the relative change of Tc, e.g. for different 
concentrations in an alloy system. [7] 

From (24) it also becomes clear, why the Curie temperature of Co is larger 
although the magnetic moment is smaller than that for Fe. The reason is that Fe 
is just at the verge of an strongly ferromagnetic system, but still has a relatively 
large susceptibility. Co however is already strongly ferromagnetic and the sus- 
ceptibility is drastically reduced. This means that in (24) the term Mq/xo (and 
thus Tsf ) is smaller for Fe than for Co. For Ni the magnetic moment drops to 
O.GjiB , so that for a comparable susceptibility with Co the Curie temperature 
is reduced as well. 

3 The Specific Heat of the Spin Fluctuations 

The expression for the free energy (14) allows to calculate the specific heat using 
the thermodynamic relation 



= -T 



^d‘^F 



(25) 



If one neglects the temperature dependence of the coefficient A (neglecting single 
particle excitations) one obtains for T < Tc the result [5] 




d{m\) 

dT dT 



+B (toj_) 



dT dT 



(26) 



For T > Tc 
finds 



the bulk magnetization M and its derivatives are zero so that one 



c 



> 

m 



B 

~2 



(m^) 15 



d (rn?) 
dT 



(27) 



The specific heat of the fluctuations thus shows a discontinuity at Tc which is 
given by 



A^Cra 



B 

~2 



(ml) 15 



d (rn?) 
dT 



(28) 



T = Tr, 



Using (16) and (17) one obtains 



AsCm 



FoTc 



(29) 
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For hcc Fe one calculates a value of about 36 J/mole K which is close to the 
experimental value of 43 J/mol K. Equation (29) should be compared to the 
analogous expression derived for the Stoner theory: Ac^ = Mq/ (xoA:)- One 
finds, that the discontinuity at Tc is reduced by a factor 4 (!) with respect to 
the Stoner theory. The reason for this that in contrast to the Stoner model, in 
the spin fiuctuation model, the state above A is not the nonmagnetic state but 
a paramagnetic state, where local moments still exist, but long range order has 
been destroyed by the fiuct nations. 



4 Magneto- Volume Coupling 



In analogy with (8) the interaction between the volume of a system and its 
magnetic moment is taken into account via a magneto-volume coupling constant 
5. With these extensions the free energy reads 

F = ^ (^M‘^ + 2 {m\) + + 

Q ^6 + 4 + 

^ y 8 + 3 +4(m^)^m|^ 

( m ^ + 2 (mi) + ^m|^) 



The magnetic and mechanical equations of state are given by 
dF 

V 



H 



dM 



AM + BM^ + BM (^3 ^m|^ + 2 (mi)) + 26VM 



dF^ 

dV 



(30) 

(31) 

(32) 



M 



= (3 F 2qy + 5 + 2 (mi) + )) 

The equilibrium magnetic moment at T = 0 is thus 

A + 2SVo 



Mi 



B 



(33) 



where Vq is the equilibrium volume at T = 0. From these results one can deter- 
mine the critical pressure for the disappearance of magnetism 

7 A — /3S 



and the pressure dependence of the Curie temperature 

dTe ^ Te(P = 0) 

dP Pc 



(34) 



^ Tc (P) =Tc{P = 0) 



(35) 
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For fluctuation systems the Curie temperature depends linearly on the applied 
pressure. This is again in contrast to the Stoner result which reads 



T,(P)=T,(P = 0) 



(36) 



A crucial quantity is the magnetic contribution to the thermal expansion 
ajn since the respective value for the Stoner model was again too large. For the 
spin- fluctuation model one finds: 

_ ^ _ j % I for T < Tc , 

here uo is the relative volume change ( Vq is the equilibrium volume at 
T = OK and Vvm is the hypothetical volume of the non-magnetic phase (M = 
0, = 0), which is also the volume for the Stoner model at Tc. For the 

fluctuation model the volume at Tc becomes: 

V (Tc) = CiVM - ^ (CiVM - Co) , (38) 

which leads to a considerably smaller spontaneous volume magnetostriction com- 
parable to experiment. 

Equation (37) also allows to recover a “rule of thumb “ given by Masumoto 
in 1927 for Invar [8], [9] alloys: “To observe a large negative value of a^n (and 
consequently a small overall thermal expansion) the fraction M^/Tc should be 
large “. If one rewrites (37) in a different form one finds exactly Masumoto’s rule 






1 436 (^ 171 ^) 
YcA 5- 2Bf3 



with 



4BS 

~f^ 5 {A5- 2BP) 




(39) 



5 Comparing the Spin-Fluctuation- and the Stoner-Model 

In this section a comparison between the results from the spin-fluctuation model 
and the Stoner-model is presented. In both cases the results are based on a 
Landau-expansion of the free energy up to fourth order in M and up to sec- 
ond order in V. The starting equations are thus (8) or (9) (including a volume 
dependence when required) for the Stoner model and (14) or (30) for the spin- 
fluctuation model, respectively. 

Spin-fluctuations lead to a different power law behavior for both the suscepti- 
bility and the magnetic moment. However, since also spin- fluctuations are treated 
within a mean field theory, the critical exponents of both models are the same. 
This different power law is also found for the pressure dependence of the Curie- 
temperature and its slope. As expected for localized moments, spin-fluctuations 
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Table 1. Comparison between the Spin- fluctuation and the Stoner-model for the 
susceptibility y, the Curie constant C, the magnetic moment M(T), the magnetic 
contribution am to the thermal expansion coefficient, the volume at the Curie temper- 
ature V (Tc), the pressure dependence of the Curie temperature Tc (P), the coefficient 
dTc/dP of the pressure dependence of Tc] the discontinuity of am at the Curie temper- 
ature Aam, the discontinuity of the specific heat Cm at the Curie temperature Acm- 




lead to a linear temperature dependence of the inverse susceptibility (Curie- 
Weiss law), which is expressed by a temperature independent Curie- const ant. 
The magnetic contributions to the thermal expansion coefficient caused by the 
spin-fluctuations are smaller than that for the Stoner-model and exist also above 
Tc. Consequently also the volume at Tc is larger than for the Stoner model, which 
causes a smaller spontaneous volume-magnetostriction. Finally also the discon- 
tinuity in the specific heat at Tc is reduced by a factor 4 with respect to the 
Stoner model. 

6 The Landau-Ginzburg Model for Spin Fluctuations 

In the beginning of this article spin fluctuations were introduced in a rather 
phenomenological way. This means that the actual nature of these fluctuations 
remains unclear and their properties, like the temperature dependence were only 
introduced in an approximative manner. Although this was sufficient to describe 
quite a large number of properties, here an “exact” theory within the mean field 
approximation of the magnetic fluctuations is presented. This means in particular 
that one has to allow for finite values of the wave- vector q. If one wants to solve 
the problem “exactly” one can follow the method of Landau and Ginzburg. The 
expansion for the free energy now contains a local gradient term which takes 
the spatial dependence of the fluctuations into account. This treatment is also 
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called the Ornstein-Zernicke extension to Landau theory or also the “continuum 
Gaussian” model. The respective hamiltonian becomes 

^ J dr ^ mi (r) j (r))^ j . (40) 

The term E ^tie energy expansion given in (14) while the 

expression (r))^ accounts for the local fluctuations. The free energy is 

then given by 



F = -ksT In Z 



Z = 



dr exp {—(3T-i) 



(41) 



where dE means the integration over all fluctuation variables (see (46)) and 
13 = 1/ (ksT). The problem is now that the sum of states cannot be calculated 
analytically for the assumed hamiltonian. An approximate treatment is provided 
by the Bogoliubov (Peierls- Feynman) [10], [11] inequality which reads 

F<FoE{n- Ho)o . (42) 

One formulates a parametrized ansatz for Fq (for which the sum of states can be 
calculated) and finally minimizes the rhs of (42). In the sense of the variational 
principle this leads to the best approximation for F under the trial free energy 
Fq. It should be noted that this procedure is equivalent to a mean field solution. 
To have a most general form for l-io one chooses a translationally invariant, 
quadratic form in m (r) 

3 

Ho = ^ ^ [ d^r d^r' Qi (r — r') (r) (r') . (43) 

With this approach Fq can be calculated and the function (r — r') is the vari- 
ational parameter. The following derivation is a basic example for the solution of 
the Landau - Ginzburg Hamiltonian and is therefore given in detail. One starts 
by defining the Fourier transforms 

(r) = ^ mki exp (zkr) , exp (zkr) , (44) 

k k 

which allow to write the trial hamiltonian as 

Uo = '^ l?kiinkim_ki = ^ Oki |mki|^ . (45) 

k,i k,i 

To calculate the respective sum of states Zq one has to integrate over the phase 
space of the fluctuations which is given by the product over all independent 
variables 

dr = II dmki , 



(46) 
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and hence 



^0 = n drnkz exp | —f3 i7] 



irkuT \ 2 



so that the free energy Fq becomes 

Fq = —UbTIrZ 



The Fourier transforms of the averages are 



TikuT 



^ (mkiimkji) exp [-ir (ki + ka) 



The simplification of the summation to involve only one variable k is due to the 
translational symmetry. The thermodynamical average of the fiuctnation with 
respect to Fo is given by 

+ 00 

/ |mkz|^ exp (-/5?{o) 

(m* W') = E 

k / exp {-mo) dr 



f dnii^i I mki I ^ exp {—f3Ho ) dP 



/ dmki exp {-(51-Lq) dP 

— oo 

_ ksT 1 
2 ^ i?ki 

The thermodynamical average of Fo is obtained along the same fines 

(^o)o = E^ki(|mki|b = ’ 



giving a contribution which is just proportional to the number of modes (=de- 
grees of freedom). The final step is the calculation of the thermodynamical av- 
erage of PL. One writes {PL) in the form 

{n)=E{M) + ^+P I dh E (r))2 . (52) 
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In (51) the function ip has been introduced which is the difference between the 
Landau expansion at T = 0 (M) and the respective expansion which contains 

the ffuctuations for T > 0. It is given by 

+ . (53) 

Using Fourier transforms one can calculate the integral in (52) and obtains 

= + ^ + . (54) 

ki 

Now one can collect all terms and formulate the free energy from the Bogoliubov 
inequality 



F<F^ + {n- Ho)o 



= E(M)+(fi + 



CkeT 



E 

hi 



iff 



ksT 

2 




V )) 



(55) 



The function f2\^i was introduced as a variational parameter so as to construct 
an optimal approximation for F. The value of i?kz is now determined from the 
condition = 0 which yields 



C 



dp 



d (mi (r)' 



(56) 



Up to order in the magnetic moment the function p is given 

Y (("^i) + {ml) + {ml)) + 

Bf {2{m\) + 2{ml) + Q{ml)) +A{m\f \ . 

4 Y +4 + 3 + 2 (m^) (m|) + 2 ( 777 , 2 ) (ml) y 

where the obvious r dependence of (m^) was omitted. As before an isotropic 
system is assumed so that (m|) = (m|) = (^j_) and (m 3 ) = ^n 7 ,|y Calculating 
the derivative of p with respect to the ffuctuations one obtains 



dp 

d {m\) 



— + — ( 2 M^ + 8 {m\) + 2 (m|)) 
X± 2 



( 58 ) 
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for the perpendicular component, and 



A 

d(ml) ~ 2 
1 

“ X| 




(59) 



for the parallel component. From the definition given in (62) the relation to the 
parallel and perpendicular susceptibility is obvious. It is easy to proof that both 
derivatives vanish at Tc. Of more interest is their value at T = 0 . Here the 
perpendicular component is zero but the parallel component has the value of 
the inverse bulk susceptibility which is (2xo)~^ • One can thus interpret these 
relations as susceptibilities for the excitation of parallel or perpendicular fluc- 
tuations. On closer inspection one hnds, that the perpendicular susceptibility is 
much larger than the parallel one, which means that it is much easier to excite 
a tilting of the moments than a fluctuation along the parallel component. This 
behavior again resembles the result for the Heisenberg model where also the 
tilting of the localized spins was found to be the important mechanism. 

Combining (50) and (56) allows to calculate the explicit form for the fluctu- 
ation amplitude 




knT V 
2 Stt^ 




(60) 



In (60) there appear two unknown parameters: the “spin- wave-stiffness “ C 
and the cut-off wave- vector kc . The latter quantity must be introduced, since the 
Ornstein-Zernicke correlation function, which appears in the integrand, leads to 
a divergence if the integration is carried out to /c ^ oc . A physical justification 
for the introduction of this cut-off may be found in the strong damping of the 
spin- fluctuations by the single particle excitations (Landau damping). From the 
zero temperature properties of the derivative of in the integrand of (60) one can 
replace the spin- wave-stiffness-constant C by ^^/xo where ^ is the correlation 
length and xo is the susceptibility. Equation (60) yields only an implicit definition 
of (m^) because the fluctuation amplitude occurs also in the denominator. For 
practical application (60) must be solved numerically. However, the properties 
of derivatives of the function (p allows to derive an expression for the Curie 
temperature of a spin fluctuation system. Since must vanish at T = Tc 

one can carry out the integration at and obtains a result similar to the Mohn- 



Wohlfarth model 



Mg 

Vkc 



(61) 



In contrast to the long wavelength expression (24), (61) also contains some in- 
formation about the finite wavelength dependencies of the fluctuations via the 
parameter 
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It should be noted, that the integrand of (60) can be interpreted as the 
wavevector dependent susceptibility. The integrand is essentially given by (56) 
and reads 



Xo (k) 



1 

ek|i 

2xo 



-k2 + ^ 

2 ^ +2X0 



1 + ^2k2 ’ 



(62) 



where the T = 0 value for 



dip 

a(m„(r)2) 



was used. ^ is again the correlation length 



which is also sometimes called “the real space parameter”. The role of ^ be- 
comes clear form Fig. 5, which shows that | determines the halfwidth of the 
k-distribution. 




wavevector k [arb. units] 



Fig. 5. Wavevector dependent susceptibility of a ferromagnetic fluctuation system. 



The function x(k) has the shape of a lorentzian, where the correlation length 
^ determines the width of the distribution. The solution given in (62) above is 
written for low temperatures because ^ also shows a temperature dependence 
which causes a broadening of the distribution at higher temperature (at T = Tc 
the correlation length actually diverges). The simple Ornstein-Zernicke form of 
x(k) arises from the assumption of a quadratic form for Ho , however, it is found 
that most ferromagnetic systems are quite well described. 

How can one interpret this form for the susceptibility? The susceptibility in 
its most general form describes the answer of a system to a perturbation. This 
perturbation can be almost anything (e.g. an electric field or as here our case 
a magnetic one). When the susceptibility was introduced a static homogenous 
field H was assumed. The response of the system was a static, homogenous mag- 
netization M. If one now applies a field which varies in space with a wavevector 
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k (this field drives the local fiuctuations) the answer is x(k). A mechanical ex- 
ample is the forced oscillation of a pendulum. The maximum of x(k) for /c = 0 
is nothing more but the resonance frequency (ferromagnetic resonance) and for 
any deviation from the resonance the amplitude becomes smaller and follows 
exactly the Lorentz curve. 
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Itinerant Electron Magnets: Curie Temperature 
and Susceptibility in Density-Functional Theory 



Jiirgen Kiibler 
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1 Introduction 

Groundstate properties of solids are astonishingly well described by the local den- 
sity functional approximation (LDA) [1]. This is also true of metallic magnets 
for which the situation was recently described by this author [2]. Excited-state 
properties of magnets (and other systems), however, are still a great challenge 
and it was believed until recently that the band-picture, based in the LDA, fails 
entirely in describing magnetism at elevated temperatures. We emphasize here 
that this is not so, attempting hrst to expose the reason why it was thought that 
the band-picture fails. Since historically the underlying physical picture was de- 
veloped by Stoner and Wohlfarth, we begin with a discussion of their theory 
using, however, an approach that reveals the essential assumptions. This is Mer- 
min’s [3] finite-temperature density functional theory. Two points emerge: one 
is the essential noncollinearity of the magnetic moments at finite temperatures, 
the other is the form of the exchange-correlation contribution to the thermody- 
namic potential. We know how to deal with noncollinear order in the LDA and 
we explain how we might use this knowledge to advance the issue. Exchange 
and correlation at finite temperatures are, however, at the present state not well 
understood. This statement not only applies to density functional theory but 
also to many-body treatments addressed at this workshop. 

We will show in particular that the theory of magnons in the band-LDA- 
picture at low temperatures is in good shape. At high temperatures we opt for 
a theory involving spin fiuct nations and argue that, although broad features of 
the magnetic phase transition are described satisfactorily, many details await 
further improvements. 

2 Stoner- Wohlfarth Theory at Non-zero Temperatures 

We begin with a brief excursion into density functional theory at finite tem- 
peratures essentially using Mermin’s [3] approach. We will give an outline of 
this theory here even though we presently do not know a physically meaning- 
ful approximation to the finite-temperature exchange-correlation potential . The 
discussion given in this section, therefore, serves on the one hand to restate in 
modern form Stoner- Wohlfarth theory and on the other hand to define our limits 
of understanding but does not, unfortunately, lead to a useful algorithm. 
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We consider a many-electron system in an external potential giving first the 
connection of the external potential with the density matrix: 

^/3«(r)dr , (1) 

aj3 

where (a, /? = 1, 2 are spin indices and are the elements of the density 

matrix, h, which dehnes the particle density through the trace 

n(r)=Trh(r) (2) 

and the vector of the magnetization by 

m(r) = Tr crh(r) , (3) 

where cr is given by the Pauli spin matrices. 

Mermin [3] laid the formal foundations for the proof that in the grand canon- 
ical ensemble at a given temperature T and chemical potential fi the equilibrium 
density matrix h(r), i.e. the equilibrium particle density n(r) and the equilibrium 
magnetization m(r), are determined by the external potential and magnetic field 
that make up It must be added, however, that Mermin did not discuss 

magnetic systems and based his theory on the density, not the density matrix. 
Allowing this generalization we state that the correct n(r) and m(r) minimize 
the Gibbs grand potential Q: 

= X] J + Jj - /i J drn(r) + G[n] , (4) 

where G is a unique functional of charge and magnetization at a given temper- 
ature T and chemical potential /i. Here we omit the proof and refer the reader 
interested in these details to Mermin’s [3] original paper or to reviews like that 
by Rajagopal [4] or Kohn and Vashishta [5]. The quantity G[h] in Eq. (4) is 
written as the sum of three terms, i.e. 

G[n]=To[n]-TSo[n]^Q,,[n] (5) 

with To, ^0 being, respectively, the kinetic energy and entropy of a system of 
noninteracting electrons with density matrix h at a temperature T. The quantity 
Qxc is the exchange and correlation contribution to the Gibbs grand potential. 

We now construct the minimum of the grand potential using a system of 
noninteracting electrons moving in an effective potential. We thus assume we 
can determine single-particle functions {^pia^v)} that permit us to write the 
elements of the density matrix as 

oo 

ri0a{r) = X ’ 



( 6 ) 
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where a and j3^ due to the electron spin, take on the values 1 and 2 and f{s) = 
[1 + exp j3{£ — is the Fermi-Dirac distribution function {[3 = l/k^T) . We 

obtain the single-particle spinor functions by solving the Schrodinger equation 

y] [-5aH + <^(r) - = 0 (7) 

0 



and attempt to determine the potential, u', by minimizing the grand potential, 
thus obtaining the effective potential as 






(r) 









2S, 



aP 



n(r') 

|r — r'l 



dr' 






(8) 



where 

^ Sn0^r) 

With the result for the effective potential we may finally rewrite the grand 
potential as 



i7[h] 



oo 

ln[l + exp (5{fi 

i=l 




dr dr' 



n(r) n(r') 
|r-r'| 



-E 

aP 



I 






(r) + 



( 10 ) 



Formally the problem now appears to be solved: the potential in the Schrddin- 
ger equation, Eq. (7), is given by the Eqs. (8) and (9) in which the density 
matrix is given by Eq. (6). For a ferromagnet at zero temperature we know that 
the basic Schrodinger equation, in the local-density approximation, is diagonal 
in spin space and hence easily solved. But at finite temperatures the formal 
expression for the exchange-correlation potential , u^^(r), Eq. (9), gives no clue 
concerning its general properties. If we assume it remains diagonal in spin space 
and use the zero-temperature exchange-correlation potential we may again solve 
the Schrodinger equation, temperature in this case entering only through the 
Fermi-Dirac distribution in Eq. (6). This is not a hard calculation and one 
obtains for the temperature where the magnetization vanishes, values which, 
compared with the experimental Curie temperatures, are entirely unsatisfactory. 

This disagreement is part of what is normally called the failure of Stoner 
theory. Another, well known defect is the magnetic susceptibility for which one 
calculates for the temperature range of interest Pauli-like (i.e. temperature inde- 
pendent) behaviour. We have chosen here to discuss the problem using a version 
of Mermin’s finite temperature density-functional theory and see that our ba- 
sic assumption of a diagonal effective potential is most likely the weak part of 
this treatment. Restricting the effective potential to diagonal form implies that 
the magnetization decreases as the temperature increases because of excitations 
that are of the order of the exchange splitting, i.e. of rather high energies, since 
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the exchange splitting is large on the scale of the Curie temperatures. We are 
thus led to look for low-energy excitations to explain the magnetic phase tran- 
sition. Of course, another unsettling question concerns the form of the exchange 
correlation grand potential, Qxc of which nothing is known presently. 

Awareness of low-energy excitations arose in the 1970s predominantly through 
the pioneering work of Moriya [6], Hubbard [7], Hasegawa [8], Korenman et al. 
[9], Gyorffy et al. [10], Edwards [11], Heine [12], and others. The broad consensus 
reached was that orientational fluctuations of the local magnetization represent 
the essential ingredients to a thermodynamic theory. This cannot be incorpo- 
rated in a straightforward way into the Stoner-Mermin theory. 

We will not follow the historical development, but, trying to remain in the 
larger context of noncollinear magnetism in density-functional theory, we be- 
gin by deriving the necessary tools to calculate the spin-wave spectrum of an 
itinerant-electron ferromagnet. Having thus obtained the low-energy excitations 
of the system, we can subsequently discuss approximations to describe its ther- 
mal properties. It should be noticed at the outset that we do not initially pos- 
tulate a model Hamiltonian, like an Ising or Heisenberg model. The contents of 
the following section can be found in the book by this author [2] where, however, 
much more detail is given. 

3 Adiabatic Spin Dynamics 

We want to determine low-lying electronic excitations of the spin system. To do 
this we calculate a constrained ground-state that possesses a parameter which 
allows us to continuously tune the system to states with higher energy. This is 
possible if the constraint consists of an incommensurate spin spiral. 



3.1 Incommensurate Spiral Structure 

A spiral magnetic structure is defined by giving the Cartesian coordinates of the 
magnetization vector, m^^, as 

m^ = m [cos(q • R^) sin sin(q • R^) sin cos 0] . (11) 

Here m is the magnitude of the magnetic moment at site R^, and (q • R^) 
as well as 0 are polar angles. On first sight it appears that the periodicity is 
lost with respect to lattice translations nonorthogonal to q. One should notice, 
however, that all atoms of the spiral structure separated by a translation R^ are 
equivalent, possessing magnetic moments of equal magnitude. This equivalence 
leads to an interesting property for the single-particle spinor functions. 

Indeed, as was first pointed out by Herring [13] and later by Sandratskii [14], 
[15], transformations combining a lattice translation R^ and a spin rotation 
about the z-axis by an angle q • R^ leave the spiral structure invariant. The 
symmetry operators describing this transformation are members of a group that 
Brinkman and Elliott [16] called a spin-space group (SSG). Quite generally, the 
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elements of the SSG are denoted by and defined by operating on a 

two-component spinor, '^(r), in the following way 

{aslafilt} ip{r) = U{as) r - t) . (12) 

Here U{as) is the spin- 1/2 rotation matrix for a spin rotation through as^ olr 
denotes a space rotation, and t a space translation. The operators we seek are 
now obtained by specifying the spin rotation as 

as = -q ■ R-n , (13) 

and unity, £, for the space rotation a^, giving {— q ■ R„|£|R„} as generalized 
translations. They have the following properties: 

(i) A spinor is transformed according 

/exp(-iq ■ R„/2) 0 \ 

{-q-R„|£|R„}V’(r) = (14) 

\ 0 exp(iq ■ R„/2)y 

(ii) They commute with the Kohn-Sham Hamiltonian, of a spiral struc- 
ture, where we define "Hq as 

Hq = 



-1V2 + ^ 0(|r„|)C/+(0,^,q) 



(vfiKl) 0 

V 0 u5(|r„|) 



(15) 



U{0,(f,ci) . 



Here |r^| = |r — R^| and 
U{0,(p,q) = 



COS ^ sm 



V-sin i cos f y 



/exp(i^ + i^) 0 



V 



0 



exp 



2^^ 



i q-Ry; 



By an easy calculation we see that 

[^q, {-q ■ RnklRn}] = 0 



(16) 

(17) 



which is the desired commutator property. We will say a few more words about 
the Hamiltonian further below. 

(hi) The generalized translations commute thus forming an Abelian group 
isomorphic to the group of ordinary space translations by vectors R^. They 
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therefore have the same irreducible representation (IR). But the IR of ordinary 
space translations constitutes Bloch’s theorem. Thus one obtains the generalized 
Bloch theorem for a spiral structure: 

{-q-R„|£|R„}V'k(r) = e“‘ ?/)k(r) , ( 18 ) 

where the ^k(r) are also eigenspinors of The vectors k lie in the hrst Bril- 
louin zone which is defined in the usual way. This is the central result of this 
subsection and we may summarize that the spin spiral defined by Eq. (11) 
does not break the translational symmetry of the lattice, although, in general, 
the point-group symmetry may be reduced. This statement is independent of 
the choice of q which, therefore, need not be commensurate with the lattice. A 
practical consequence is that we need no supercells to solve the Kohn-Sham- 
Schrodinger equation in the presence of spin spirals. Indeed, from the definition 
of the generalized translation, {— q- we see that it suffices to pick any 
q inside the first Brillouin zone of the crystal; q-vectors outside give nothing 
new. 

It is the spiral vector q that allows us to continuously tune the ferromagnet 
to states with higher energy. 

3.2 How to Treat Noncollinear Structures 
in Density Functional Theory 

We now must say how we deal with the noncollinear spin arrangement that is the 
result of a spin spiral and, in this connection, must explain Eq. (15). Foundations 
for the procedure sketched briefly here were developed by Sticht et al. [17], to 
name only one of a series of publications. 

In a first step a local coordinate system is chosen such that the density 
matrix, defined by Eq. (6), integrated over the atomic sphere is diagonal, i.e. we 
calculate 

na/3 = j dr (19) 

s 

for the atomic sphere S and diagonalize the matrix using the spin- 1/2 ro- 
tation matrix above: 



^ ^ Uicy{6^ (p) TIq,^ 7 ^) — ^ij 

aP 



where the polar angles are given by 



tan (f 



Im (ni2) 

Re (ni 2 ) ’ 



( 20 ) 



( 21 ) 



tan 0 = 2 \/ (Re (ni 2 ))^ + (Im (ni 2 ))^/ (nn - 7122 ) ■ 



( 22 ) 




Itinerant Electron Magnets 



149 



A second step consists in expressing the spin dependent part,^;^'^^ in the effective 
potential by the polar angles as well. For this we use 



5rii 



Uia U+ 



to eliminate Sriap in Eq. (9), 



V 



xc 

af3 



X ^ ^^xc X ^ ^^xc jj Tj-\r 

^ <5n/3a ^ SUi 



(23) 



(24) 



thus obtaining the desired dependence on the polar angles. It can be seen that 
Eq. (24) used in the Kohn-Sham equations (7) gives the Hamiltonian written out 
in Eq. (15). Eqation (23) is derived from the quadratic equation that is solved 
to diagonalize the integrated density matrix. Furthermore, since the latter is 
diagonal in the frame of reference defined by the polar angles, the values of 6 
and 0 give the direction of the magnetic moment of a given atom in the crystal. 
For more detail see Ref. [2]. 



3.3 Magnons 

Assume now we solved the Kohn-Sham equations defined by Eq.(15), then it is 
not hard to obtain the total energy as a function of the polar angles and the 
spiral wave vector, q. Let us denote the total energy at zero temperature counted 
from the total energy of the ferromagnetic state by zAE(q, (9). Then it can be 
shown that the magnon frequency of an elementary ferromagnet is given by 



w(q) 



lim T 
0-s-o M 



AE{q, 6) 
sin^ 6 



(25) 



The quantity M is the magnetic moment (in units of ^^) and the total energy 
difference Z\E^(q, 0) is to be obtained using the force theorem, i.e. from the 
change of the band energies when the ferromagnetic ground state is changed to 
a magnetic spiral characterized by the wave vector q and the polar angle 0. No 
self-consistency steps are required. 

This expression has been derived for the magnon spectrum by Ref. [2], [18], 
[19] under very general assumptions. A derivation by Halilov et al. [20], though, 
rests on assuming the Heisenberg model. Their formula agrees with Eq. (25) and 
so does that of Rosengaard and Johansson [21] who used similar assumptions 
as Halilov et al. Another derivation of the same result is due to Antropov et al. 
[22] who also used an equation of motion method, as we did, but determined the 
total energy part differently. A remark concerning the physics connected with 
the equation of motion seems in order. 

If we set out to describe the motion of the magnetization as a function of time 
at each point r in the crystal, we must determine the equation of motion for m(r) 
given by Eq. (3). We thus look for the equation of motion of its constituents and 
are led to the time-dependent Schrodinger equation for the wave functions 
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which in principle should give the time dependence of the spin-density matrix, 
h, and thus that of m(r). Knowing that the bandwidths of the d electrons in 
the crystal are of the order of electron volts, while the low-lying excitations we 
look for are spin- waves which have energies of the order of milli-electron volts, 
we may assume that the motion of the electrons is much faster than that of 
the magnetic moments. This assumption implies that we imagine different time 
scales govern the physics of the electrons and the magnetic moments. In the 
adiabatic approximation (see for instance Schiff, [23]) one assumes the time- 
independent Schrodinger equation holds at any instant of time for a potential 
that parametrically depends on time. In our case the time-dependent parameters 
in the Schrodinger equation are the angles 6 and <p. The essential assumption 
now is that the time-dependent Schrodinger equation holds in the context of 
density-functional theory in the adiabatic approximation, an assumption which 
can only be verified by the answers we obtain. 

For the sake of brevity we show the magnon dispersion in Fig. 1 for the 
case of Ni only, as computed by Halilov et al.[20] by the use of Eq.(25). We see 
that the overall agreement is good. It should be noted, however, that the Stoner 
excitations are not included here. The spin- wave stiffness constants can now 
easily be computed too. They are in fair agreement with the experimental data, 
although somewhat too large for Ni. The low-temperature properties can now 
be calculated and are obtained just like in the Heisenberg model. For higher 
temperatures, however, the magnons interact and we must resort to another 
model [2]. 

4 Spin Fluctuations 

To deal with high temperatures we now construct a Hamiltonian that is derived 
from the zero-temperature ground-state properties. We also describe the model 




Fig. 1. Adiabatic magnon dispersion relations on high-symmetry lines and magnon 
densities of states (in states per (meV-cell) -10“^) of fee Ni. Closed circles are the 
calculated results of Halilov et al. [20] who kindly supplied this figure. Experimental 
data are marked as dotted circles and are those of Mook and McK. Paul [24]. 
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which allows us to calculate the magnetization and the susceptibility at high 
temperatures. 

4.1 Hamiltonian 

From Fig. 2, which shows the energy changes when Ni becomes magnetic, we 
read off from the q = 0 curve the total-energy change, AE^ as 

AE = (32 + 0(4 M‘^ H , (26) 

where, for simplicity, we terminate the expansion with the fourth-order term as 
indicated. 

We now postulate that the total energy expansion, Eq. (26), remains valid 
when the magnetization M is replaced by the corresponding vector quantity 

M(R) = M ez m(R) = M m^k exp(ik • R) ej . (27) 

JM 

Here we imply that M is the macroscopic magnetization along some direction, 
say the z-direction, and m is a local deviation of the magnetization which is 
expanded in a Fourier series. Since m(R) is real we require the Fourier coefficients 
to obey m^-k = '^Jk- Physically they describe spin fluctuations. The quantities 
ej (j = 1, 2, 3) are Cartesian unit vectors. 

The desired Hamiltonian we write as sum of two terms, 

n = niEU2. (28) 




Fig. 2. Total energy differences for Ni as functions of the magnetic moment (in (ib) 
for several values of the spiral vector q (given in units of jo). Polar angle 6 = 90°. 
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The first term on the right-hand side is assumed to consist of single-site terms 
and, using Eq. (26), we write 

= i EE“2nM(R,)2-, (29) 

i n=l 

where N is the number of atoms in the crystal. Clearly, at T = 0 this Hamilto- 
nian reduces to Eq. (26). Next we must include two-site interaction terms and 
therefore write 

^2 = ^ E • (30) 

il 

In keeping with the usual terminology we may call the J(R - R') exchange 
constants, which we obtain from constrained total energy calculations i.e. we 
substitute a spin spiral of the type given in Eq. (11) and obtain the total energy 
corresponding to Eq. (30): 

^ 2 (M, q, 0) = ^ e/(Ri) [sin^ ^cos(q • R^) + cos^ 6] . (31) 

Transformed exchange constants are defined as 

j(q) = E (^») ’ (32) 

thus obtaining 

E 2 {M, q, 9) = [j(q) sin^ 9 + j„(0) cos^ 9] . (33) 

The total energy difference corresponding to both l~ii and I-L 2 is therefore 

2 

AE{M, q, 0) = ^ « 2 n m2” + j(q) m 2 sin2 9 , (34) 

n=l 

the terms j(0) being effectively zero since they are already contained in the first 
term of the right-hand side. In practice it is sufRcient to use 6 = 90° because the 
total energy is to a good approximation proportional to sin^ 9 so that this factor 
cancels out. The total energy differences are then calculated for a selected set of 
the spiral wave vectors q. We give an example of the numerical input in Fig. 2. 
It should be noted that for Ni the equilibrium magnetization, i.e. the value of M 
at the minimum, goes to zero long before q reaches the Brillouin zone boundary. 

4.2 Thermodynamics 

We are now in the position to deal with the thermodynamics at hand. A man- 
ageable method is a variational treatment (e.g. Callen [25]) that defines in a con- 
sistent way a mean (or molecular) field theory. We base this on the Bogoliubov- 
Peierls inequality that states for the free energy 

F<Fo+ {H- no)o ■ 



(35) 
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The quantity 1~Lq is a model Hamiltonian that should possess a rigorous solution 
defining the free energy Fq. The right-hand side is made as small as possible by 
means of variational parameters that may be used in the definition of the model 
Hamiltonian Fo, for which we choose 



"Ho = E] Ojk ’ ( 36 ) 

jM 

where a^k are variational parameters. This choice of Hq leads to Gaussian statis- 
tics which is known to allow all thermal averages and the partition function to 
be carried out analytically obtaining for the zero-order free energy 






1 






7T 

2/5 Qjj k 



(37) 



Furthermore, to evaluate the thermal average of the real Hamiltonian, (F)q, 
averages of the type 



l^jki ;o 



= 3 (|mjk|^)o 



are needed which are easily verified. With Eq. (38) we obtain at once 






The sums that now occur are restricted to the first Brillouin zone throughout, 
since the magnetic moments reside on a lattice as a consequence of which the 
total energy difference, Eq. (31), is periodic as a function of q with the periodicity 
volume being the first Brillouin zone. The sum in Eq. (39) is therefore the total 
number of modes. 

In order to write out (75 )q as concisely as possible it is worthwhile to de- 
fine abbreviations of frequently occurring quantities. There is first the sum 
X)k (l^jkP)Q of the Cartesian component j which can be in the direction of 
the macroscopic magnetization or perpendicular to it. The former we call the 
longitudinal (/), the latter the transverse (t) fluctuations, i.e. we define 



i2 = E (KkOo (40) 

k 

and 

= E ■ ( 41 ) 

k 

The Bogoliubov variational free energy, F \ , can at this stage be expressed in 
terms of {\mj which, because of Eq. (38), replaces the variational parameter 
ajk- We therefore collect 

Fi = ^ ^ [l + In (tt (l^jkP)o)] + (75i)o + {'^ 2)0 • 

j k 



(42) 
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The averages on the right-hand side are found to be given by 



(^i)o T ( 7 ^ 2)0 — ^ + 2 t ^ 

+ «4 [M^ + 2M2(2t2 + 3;2)+8^4_^4^2^2_^3;4j 

+2^] j(k) (|wtkP)o + (\^ik\^)o 



k k 

Next there are the variational equations that need be determined. One of 
those is obtained from dF\/dM = 0, the others arise from 



^ = 0 

for j = t and j = 1. dFi/dM = 0 which gives in the ordered state 

M2 _ 2t^ + 3P 

Mf“ M2 ’ 



(44) 



(45) 



where the saturation magnetization is denoted by Mg and the magnetic energy 
gain by Eg and we have used 



0^2 = “ 



2 Eg 

M ,2 



a4 = 



A 



(46) 



This result, Eq. (45), was apparently first obtained by Moriya [ 6 ]. 

The optimization condition embodied in Eq. (44) gives the self-consistency 
equations that follow after some algebra as 





l^ = kBTY Xl{^), 

k 


(47) 


where the temperature-dependent susceptibility is 




and 


Xi4k) = 80:4 M^ + 2j(k) 


(48) 




t^ = kBTY XT{k), 


(49) 


where 


k 






Xp^(k) = 8 q! 4 ( 2 ^ -l'^) +2 j(k) . 


(50) 



In the paramagnetic case we set M = 0 in the free energy and differentiate 
with respect to the paramagnetic modes which we denote by kP)g obtaining 
for the paramagnetic fluctuations, (l^pkP)Q, the relation 



p 2 = kBT xp(k) , 
k 



(51) 



where 



Xp^(k) = 2 tt2 + 20 04 25^ + 2 j(k) . 



(52) 
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We close this subsection by giving results for nickel in Fig. 3 obtained by solv- 
ing the total-energy problem using the gradient approximation, GGA (Perdew 
[26], [27]). Technical details connected with noncollinearity and the GGA can be 
found in Ref. [28]. The reduced macroscopic magnetization, M, as a function of 
the temperature is seen to decrease while the reduced transverse, and longi- 
tudinal, fluctuations increase until solutions to the self-consistency equations 
cease to exist slightly short of 445 K. The solution for the reduced paramag- 
netic fluctuations, is also shown starting at some arbitrary temperature. The 
calculated Gurie temperature is seen to be smaller than the measured value of 
Tc = 627 K and the magnetization profile is only qualitatively in agreement 
with the experimental magnetization. The calculated magnetization decreases 
too fast at low temperatures, which is not surprising since we treat the fluc- 
tuations as classical variables. Furthermore, it disappears too abruptly at high 
temperatures resulting in a first order phase transition. We also show the calcu- 
lated high-temperature inverse susceptibility multiplied by , in units of mRy. 
It is seen to be nearly linear in temperature, but the slope of x~^ is too high by 
nearly a factor of two. We remind the reader that the above results were obtained 
by truncating the expansion of the Hamiltonian at the lowest nontrivial order. 
These calculations were improved in the LDA by going to tenth order in the 
single-site contribution, but leaving the two-site terms at order four (Uhl and 
Kubler [29]. This improves the calculated Gurie temperature somewhat. One 
might ask how the finite temperature of the electron system influences these 
results. This question can be answered as follows: the Gurie temperature of 445 
K is the highest so far obtained by this method and it is calculated using the 



400 600 800 




Fig. 3. Calculated magnetization data for fee Ni as functions of temperature. M is 
the reduced magnetization, U, and are the reduced fluctuations defined by Eqs. 
(47), (49) and (51). Inverse paramagnetic susceptibility shown is multiplied by the 
saturation magnetization squared, , in mRy. 
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experimental lattice constant which in the GGA is in very good agreement with 
the total-energy minimum. Estimating the effect of the finite electron temper- 
ature by carrying out calculations using the Fermi-Dirac distribution function 
appropriate for 400 K, one finds a decrease of the Gurie temperature by about 
10 K. Physically this is due to Stoner excitations. 

5 Conclusion 

To conclude we collect in Table 1, besides experimental values, the Gurie tem- 
peratures obtained by us and by other groups. The results of Halilov et al. [31] 
are rough estimates very similar to results obtained by us [column (4)] using 
the Langevin formula [2]. The results by Rosengaard and Johansson in column 
(3) are based on total energy data obtained from density-functional calculations 
using spin spirals as well. However, the thermodynamics was carried out with a 
Monte Garlo technique. The magnetization profile they obtained is better than 
ours, but still does not match the experimental profiles. 

The results by Stounton and Gyorffy in column (1) result from a high- 
temperature treatment assuming a disordered local-moment system; a Gurie- 
Weiss law is obtained for the susceptibility which, however, suffers from the 
same shortcoming as our high-temperature results. It must be emphasized that 
the band-picture employed in all cases give local moments above the Gurie tem- 
perature. 



Table 1. Collection of calculated and experimental Curie temperatures in K for the 
elemental ferromagnets. 

(1) : Staunton and Gyorffy [32] 

(2) : Halilov et al. [31] 

(3) : Rosengaard and Johansson [21] (Monte Carlo calc.) 

(4) : simple estimate using Langevin formula 

(5) : our LDA [29], Ni in GGA 





(1) 


(2) 


(3) 


(4) 


(5) 


exp. 


bee Fe 


1015 


1037 


1060 


1316 


1095 


1044 


fee Co 




1250 


1080 


1558 


1012 


1388 


fee Ni 


450 


430 


510 


642 


445 


627 




Itinerant Electron Magnets 



157 



References 

1. W. Kohn and L.J. Sham: Phys. Rev. A 140, 1133 (1965). 

2. J. Kiibler: Theory of Itinerant Electron Magnetism (Oxford University Press, Ox- 
ford 2000). 

3. N.D. Mermin: Phys. Rev. 137, A1441 (1965). 

4. A.K. Rajagopal: Adv. Chem. Phys. 41, 59 (1980). 

5. W. Kohn and P. Vashishta, in: Theory of the Inhomogeneous Electron Gas, ed. by 
S. Lundqvist and N.H. March (Plenum Press, New York 1983). 

6. T. Moriya: Spin Fluctuations in Itinerant Electron Magnetism (Springer, Berlin 
1985). 

7. J. Hubbard: Phys Rev. B 20, 4584 (1979). 

8. H. Hasegawa: J. Phys. Soc. Japan 46, 1504 (1979). 

9. V. Korenman, LI. Murray and R.E. Prange: Phys. Rev. B 16, 4032 (1977). 

10. B.I. Gyorffy, A.J. Pindor, J. Staunton, G.M. Stocks, and H. Winter: J. Phys. E: 
Metal Phys. 15, 1337 (1985). 

11. D.M. Edwards: J. Phys. E: Metal Phys. 12, 1789 (1982). 

12. V. Heine and J.H. Samson: J. Phys. F: Metal Phys. 13, 2155 (1983). 

13. G. Herring, in: Magnetism IV, Ghapter V and XIII, ed. by G. Rado and H. Suhl 
(Academic Press, New York 1966). 

14. L.M. Sandratskii: Phys. Stat. Sol. (b) 135, 167 (1986). 

15. L.M. Sandratskii: J. Phys. F: Metal Phys. 16, L43 (1986). 

16. W. Brinkman and R.J. Elliot: Proc. R. Soc. A 294, 343 (1966). 

17. J. Sticht, K.-H. Hock and J. Kiibler: J. Phys.: Gondens. Matter 1, 8155 (1989). 

18. Q. Niu and L. Kleinman: Phys. Rev. Lett. 80, 2205 (1998). 

19. Q. Niu, X. Wang, L. Kleinman, W.-M. Liu, D.M.C. Nicholson, and G.M. Stocks: 
Phys. Rev. Lett. 83, 207 (1999). 

20. S.V. Halilov, H. Eschrig, A.Y. Perlov, and P.M. Oppeneer: Phys. Rev. B 58, 293 
(1998). 

21. N.M. Rosengaard and B. Johansson: Phys. Rev. B 55, 14975 (1997). 

22. V.P. Antropov, M.I. Katsnelson, M. van Schilfgaarde, B.N. Harmon, and D. Kuzne- 
zov: Phys. Rev. B 54, 1019 (1996). 

23. L.I. Schiff: Quantum Mechanics (McGraw-Hill, New York 1955). 

24. H.A. Mook and D. McK. Paul: Phys. Rev. Lett. 54, 227 (1985). 

25. H.B. Gallen: Thermodynamics and an Introduction to Thermo statistics, 2nd ed. 
(John Wiley & Sons, New York 1985). 

26. J.P. Perdew and K. Burke: Int. J. Quantum Ghem. 57, 309 (1996). 

27. J.P. Perdew and S. Kurth, in: Density Functionals: Theory and Applications, ed. 
by D.P. Joubert (Springer, Berlin 1998). 

28. K. Knopfle, L.M. Sandratskii and J. Kiibler: Phys. Rev. B 62, 5564 (2000). 

29. M. Uhl and J. Kiibler: Phys. Rev. Lett. 77, 334 (1996). 

30. J. Weis: Diplomarbeit, Darmstadt 1998 (unpublished). 

31. S.V. Halilov, A. Ya. Perlov, P.M. Oppeneer, A.N. Yaresko, and V.N. Antonov: 
Phys. Rev. B 57, 9557 (1998). 

32. J.B. Staunton and B.I. Gyorffy: Phys. Rev. Lett. 69, 371 (1992). 




Band Magnetism near a Quantum Critical Point 



Suresh G. Mishra 

Institute of Physics, Bhubaneswar 751005, India 



Abstract. We discuss the temperature variation of various quantities in the vicin- 
ity of a magnetic quantum critical point within the framework of the spin fluctuation 
theory. It differs from the Fermi liquid behavior which one expects in normal metals. 
The reason for this deviation is the presence of the low lying critically damped spin 
fluctuations in these systems above Tc. The deviation depends upon the space dimen- 
sion as well as on whether the order parameter is a conserved (ferromagnetic) or a 
non-conserved (antiferromagnetic) quantity. Away from the critical point there arises 
an energy scale below which the fermionic behavior is restored. This crossover behavior 
has an interesting consequence for specific heat of some correlated fermionic systems 
like liquid ^He and some heavy fermion materials. In these systems the specific heat 
versus temperature curves for various pressures or magnetic field have been seen to 
cross at a point. Within the spin fluctuation theory we find that when the energy scale 
is a homogeneous function of pressure or magnetic field there is crossing of specific heat 
at a point. 



1 Introduction 

The Stoner criteria 1 — UN{eF) = 0 gives instability towards ferromagnetism, 
while 1 — U x{Q) = O 5 gives antiferromagnetic instability corresponding to a wave 
vector Q. These are examples of phase transition in correlated electronic systems 
where the transition can be tuned by varying the coupling constant. These are 
essentially zero temperature transitions, known as quantum phase transition. 
We are, however, dealing with an interacting fermionic system at low tempera- 
ture. The temperature dependences of various quantities are expected to be of 
Fermi liquid form. That is, a linear in temperature specific heat, a temperature 
independent (Pauli) spin susceptibility, the electrical resistivity varying as T^, 
and a linearly temperature dependent NMR relaxation rate. Here we discuss the 
possibility of deviation from the Fermi liquid behavior as the quantum critical 
point approches. 

The normal Fermi liquid behavior as mentioned above is understood within 
the Landau theory, where the effect of interaction in a Fermi system has been 
expressed in terms of a few parameters which renormalize the physical quantities 
with respect to their free Fermi gas values. For example, the modifications in spin 
susceptibility and isothermal compressibility are given by, x/x^ = (m*/m)/(l + 
Fq), and + Fq ), respectively. The superscript 0 denotes the 

free Fermi gas values, other notations are standard [1]. It is clear that in this 
theory, for a certain value of parameters (i.e. Fq, and Fi), the corresponding 
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quantities become very large, which in turn may indicate a neighborhood of 
certain phase transition. For example, Fq ^ — 1 implies magnetic instability, 
and Fq ^ oo, a condensation. The temperature dependence, however, does 
not change. It remains free fermionic. It seems the Fermi liquid theory gives 
indication of an incoming electronic phase transition as the coupling constant 
(or the Landau parameter) is changed, but it does not consider the effect of 
incipient fluctuations in a self-consistent manner. This has been done in a spin 
fluctuation theory [2,3,4,5,6,7,8,9,10,11] for a magnetic transition. 

We first briefly review the spin fluctuation theory and then write expres- 
sions for spin susceptibility, resistivity, specific heat and the nuclear magnetic 
relaxation rate for ferromagnets as well as for antiferromagnets. The results are 
presented for the limit of (a(0) ^ 0 where (u(0) = 1 — UN{ef) for a ferromagnet 
and l — Ux^{Q) for an antiferromagnet. Though Tc = 0, fluctuation effects are ex- 
pected to be dominant at finite but low temperatures. The resulting temperature 
dependence need not be Fermi-Liquid-like because of the low lying fluctuation 
(bosonic) degrees of freedom. We then discuss the well known case of finite but 
small q;( 0), where various quantities exhibit a crossover from non-Fermi liquid to 
a Fermi liquid behavior. This crossover behavior has an interesting consequence 
for the specific heat of some heavy fermion materials and liquid ^He. Finally 
we make some remarks on non-Fermi liquid behavior arising due to presence of 
disorder. 

2 Spin Fluctuation Theory 

The basic motivation for constructing the spin fluctuation theory is that the 
Stoner factor (u(0) is small. In such case a highly paramagnetic system at low 
temperature can be considered to be in the vicinity of a magnetic transition. 
The temperature variation of various physical quantities is then governed by 
transverse and longitudinal spin fluctuations. Though the order parameter van- 
ishes above the transition, it is expected that the effect of fluctuations will be 
observable well above the transition. 

Consider first the Landau expansion for the free energy F(M, T), in power 
of the order parameter M, viz. 

F{M, T) = F(0, T) + i A(T)M2 + - HM, (1) 

where H is the field conjugate to M. The temperature dependence of various 
quantities in this theory arises due to A(T) and B. For example, the spin sus- 
ceptibility for the paramagnetic phase is given by, x“^(T) = A{T). We identify 
A{T) with a(T) hereafter. In fact A{T) = a(T)/2N{eF) for ferromagnets. The 
expansion coefficients a(T) and B have been calculated in various approximation 
schemes. In the Ginzburg Landau theory for classical phase transition, a{T) is 
taken as (T — Tc) and B as independent of temperature. This leads to the Curie 
Weiss law for the susceptibility. In the mean field (Stoner) theory of itinerant 
ferromagnet, a{T) = 1 — UN{€f), and B is again a constant. In this case the 
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temperature dependence mainly arises from an integral over density of states 
through a Sommerfeld expansion. It is weak, of the order of T^/T|,, and, there- 
fore, it does not give, for example, a Curie- Weiss form for the spin susceptibility. 
This issue has been tackled in the spin fluctuation theory [5,6], where <a(T) 
turns out to be O!(0) + ^u^D. Where D is transverse/longitudinal spin fluctua- 
tion amplitude obtained by the internal frequency summation in diagrams for 
the fluctuation self energy. The leading temperature dependence is governed by 
these amplitudes. The factor in the second term is a dimensionless short range 
four fluctuation coupling constant obtained after integration over fast fermionic 
degree of freedom. This result has been derived microscopically, within the func- 
tional integral scheme on a model of interacting electrons, e.g. Hubbard model as 
applied to itinerant ferromagnets, considering only the spin degrees of freedom. 
The Stratanovich- Hubbard transformation changes the partition function for an 
interacting fermion system to that of an interacting bosonic fluctuation degrees 
of freedom. Parameters of this model, e.g. fluctuation spectrum, fluctuation cou- 
pling vertices are determined by properties of the underlying fermion system. 
Since these parameters (e.g. the Stoner enhancement factor for ferromagnets 
or the staggered susceptibility enhancement for antiferromagnets) are such that 
spin fluctuations are low lying excitations, this transformation is specially helpful 
for an analysis of temperature dependent properties of weak itinerant electron 
ferromagnets and antiferromagnets. The free energy functional then expanded 
in powers of these fluctuation fields up to a quartic term and a self consistent 
mean fluctuation held approximation (quasi harmonic approximation, or the self 
consistent renormalization scheme of Moriya) is generated. The mean huctuation 
held approximation is shown diagrammatically in a compact manner in Fig. (1), 
where the double wiggle represents the dressed propagator D{q). One can also 
estimate corrections due to higher order huctuation terms within this scheme. 




Fig. 1. Mean huctuation held diagram 
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3 Physical Properties Near Quantum Critical Point 
a = 0 



3.1 Spin Susceptibility 

The self consistent equation for the temperature dependence of a{T) can be 
written explicitly as 

(u(T) = a(0) + A / dLon{Lo)lmx{q^u;~^) (2) 

q ^ 



where, A is related to U 4 , n{uj) is the Bose distribution function, and 

a{l ) + oq^ — iTrujj/zq 

is spin susceptibility for the ferromagnetic case, {uo and T are written in units 
oi ep and q in units oi kp. We have taken h = 1 and kp = 1). Performing the 
frequency integral, 

a{T)=a{0) + -Y,qPy), (4) 

q 

where y = q{a(T) + Sq‘^) / {7r‘^jT) and (/){y) = {In(^) — ^ For detail 

calculations (j){y) can be approximated as 1 /( 2 ^ + 12 ^^). This form is valid for 
small as well as large y. For three dimension, 

= + (5) 

For a finite a(0) there arise two regions of temperatures [5]. For T < a(0) which 
corresponds to ^ 1 and (j){y) ^ 1 / 12 ^^, one gets the standard paramagnon 

theory results; and for a(0) < T < 1, which corresponds to ^ < 1 and (j){y) ^ 
l/ 2 y, one gets 



a{T) 



T 

1 



qp — 




arctan 




( 6 ) 



where, qp ~ is a thermal cutoff such that yq^ ^ 1. The dominating contri- 
bution to <a(T) comes from the first term which is given by, However, since 

S is small, the thermal cutoff qp is high qc (the spin fluctuation energy rises 
only slowly with q). Thus, <a(T) rises nearly linearly with T. This is the classical 
spin fluctuation behavior, first pointed out for itinerant ferromagnets by Murata 
and Doniach [ 2 ]. An estimate of the size of the second term is obtained by putting 
a{T) ^ We then hnd it to be of the order relative to the hrst term. 

Since is not very small, it is essential to do a self consistent calculation. 
This may lead to a different exponent at finite temperatures. A similar calcula- 
tion gives a logarithmic temperature dependence, <a(T) = {T/26)ln{5ql/a{T)) 
for two dimension. 
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In case of antiferromagnets, the formalism is identical. One replaces the Pauli 
susceptibility with the staggered susceptibility for non interacting electron sys- 
tem x^(Q), for brevity we retain the same notation for the enhancement factor 
which is defined in the present case as a{0) = X^(Q)/x(Q). The expansion of 
the dynamic staggered susceptibility, x(Q + Q? for small q and small uj around 
the static staggered susceptibility is written in the form, 



x(Q + q,w+) 



x°(Q) 

a{T) + 6q‘^ — ijco 



( 7 ) 



Making similar transformations as for the ferromagnetic case, we get. 



a(T) 




1 

{2z + 12z^) 



(8) 



where z = (<a(T) + 5q^)l27T'^T. Thus, for 3D antiferromagnets, the result turns 
out to be identical to the ferromagnetic case (Eq. 6) once we consider only the 
case z < 1, The momentum cutoff in this case turns out to be leading to 
a{T) In two dimension a{T) = (T/2S) ln{Sq‘^ / a(T)) ^ again a logarithmic 

behavior. 

The terms involving two or more internal thermal spin fluctuations have been 
calculated in detail earlier [5] . It turns out that apart from a numerical factor the 
two internal thermal spin fluctuation term has the same temperature dependence 
as the mean fluctuation field term. However, the three internal thermal spin 
fluctuation term, ln(l/3a(T)) in 3D ferromagnet. We see that this term is 
of the order of TlnT relative to the simplest non- vanishing contribution. The 
perturbation expansion therefore converges. 



3.2 Resistivity 



The electrical resistivity for pure transition and rare earth metals is usually cal- 
culated within a two band model [12], where the ‘conducting’ electrons come from 
s-band while the d-electrons contribute to magnetism. The d-band is assumed 
to be narrow and the d-electrons heavy. The conducting s-electrons scatter from 
the spin fluctuations corresponding to d-electrons. The temperature dependent 
part of the resistivity due to this mechanism for a 3d-ferromagnet is given by 
[13,14], 






(9) 



The frequency integral can be performed by hrst using the identity, o;n(a;)(l + 
n{(jj))/T‘^ = dn{(jj)/dT leading to. 



p{T)~ J dq q'^y(f)'{y) 



( 10 ) 



where, (j){y) and y have already been defined. In the limit y <1 the momentum 
integral gives. 



P{T) 




a{T) ( a{T) + 5ql \ 

5 V «(o ) ■ 



( 11 ) 
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With Qc ^ we recover the well known result Ap ^ J 13 J However, the 
self consistency correction changes the power of temperature. For two dimen- 
sions, Ap ^ 

The case of 3D antiferromagnets formalism is similar except for the replace- 
ment of in the momentum integral by q^. This is due to the fact that the 
small momentum expansion is not done around q = 0 but around q = the 
antiferromagnetic wave vector [15]. The result in the limit of z < 1 becomes 
Ap dimensions, p{T) = (T/2S) ln{Sq‘^/a{T)). 



3.3 Specific Heat 

The spin fluctuation contribution to the free energy within the mean fluctuation 
field approximation [7] (or quasi harmonic approximation) is given by 

3T 

Af2=—Y,ln{l-UxU + ^TY,D,,^,}. ( 12 ) 

q,m q' ,m' 



Where is the fluctuation propagator which is related to inverse dynamical 

susceptibility, and Xqm Fermi gas (Lindhard) response function. The 

argument of the logarithm is related to inverse dynamic susceptibility. Consid- 
ering only the thermal part of the integral and ignoring the zero point part, we 
perform the frequency summation and obtain. 



AQrhermai = ^ - 1 a(T) + (5g2 ) ’ 

From standard thermodynamic result the specific heat can be calculated leading 
to 



ks 



= -6 j q'^dq 4>'{y)i^ 



q da(T) 
dT 



-y] +T(j){y) 



q d^a{T) 
^ ST2 



(14) 



Making the small y approximation. Anally the terms can be arranged for constant 
cutoff as, 



a 



, rj.2(da{TW 1 
3 \ dT ) ^/^f) 






dT^ 



dT 



Qc\ 



(15) 



The first term gives the classical result, the second dominant term gives leading 
temperature correction, the last term is about two order of magnitude small at 
the temperature range of interest. For the cutoff qr ^ a linear term in the 
specific heat is obtained. However, a self consistent calculation is needed to get 
a correct exponent. 

The calculation for antiferromagnet is identical except that y is replaced by 
2 in Eq. (15) and the Anal equation turns out to be identical except that the 
temperature dependence of a{T) is different in an antiferromagnet. 
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3.4 Nuclear Spin Relaxation Rate 



The nuclear spin relaxation rate in metals is given by the Korringa relation [16], 
which essentially tells that \/T{T is related to the static spin susceptibility of 
metals, which in turn, is independent of temperature for normal metals. However, 
it has been pointed out by Moriya [17] long ago that this relation gets modified 
in presence of electron correlations. The nuclear spin-lattice relaxation rate in 
metals is given by. 



P Imx 

T\T ^ uq 



(16) 



where cjq is the nuclear magnetic resonance frequency which is taken to be very 
small 0) in the problem of nuclear spin relaxation rate. Substituting the 
expression for y and taking the limit, we have, 



^ I 

TiT ^ ^ g(o^(r) + 



(17) 



leading to (TiT)“^ ^ a{T)~^ for a ferromagnet in three dimension. Recall that 
for normal Fermi liquid <a(T) is constant but in the present case it varies as 
For antiferromagnets in three dimension (TiT)“^ ^ <a(T)“^/^. 



3.5 Summary 

The following table summarizes our results. In the first column Fermi liquid 
theory results are written, other columns compile the fiuctuation theory results. 
These results are presented in three rows for each property. The first row gives 
results from a non-self-consistent calculation, i.e., for example, when only the 
first term in Eq. (6) for a{T) is considered but with a proper momentum cut off. 
This behavior is expected in the extreme low temperature range. Some of these 
results are known, but presented in a coherent form here. The second row gives 
results with the temperature dependence of oi{T) taken into account and the 
integration performed with the functional form for (j){y) (approximately) valid 
for all y. The power of temperatures so obtained depends on the temperature 
regime considered (i.e. whether T is in the range 10“^ — 10“^ or other). These 
results go over to those presented in the first row as T ^ 0. The third row 
gives the classical spin fiuctuation results, obtained when the Bose factor n(cj) 
was approximated as T/o;, (one gets essentially the first row result but with 
a constant cutoff). The experimental results are expected to fie between those 
given in rows one and three. 



3.6 Experimental Results 

Results discussed above should apply to weak itinerant ferromagnets and anti- 
ferromagnets above their respective Tc which is small in general (see [18] for a 
brief review). The transition temperature can further be reduced by alloying or 
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Table 1. Summary of the temperature dependence of various thermal and transport 
properties near a quantum phase transition point, (from [10]) 





Fermi Liquid 


Ferro (3D) 


Antiferro (3D) 


Ferro (2D) 


Antiferro (2D) 






ji4/3 


r£i3 / 2 


TlnT 


TlnT 


(xU))-' 


Const. 


rj^l. 20 


rj^l.44 


jiO.87 


T 






T 


T 


T 


T 






rj^5 / 3 


rp3 / 2 


rp4/3 


TlnT 


P(T) 


rjn2 


^1.56 


rjil.4b 


rpl. 24 


T 






T 


T 


T 


T 






T 


rp3/2 


rji2/3 


T 


a(T) 


T 


rpO.74 


rjnO.99 


rj^O.52 


rpO.SQ 






Const. 


Const. 


Const. 


Const 






ji-4/3 


j^- 3/4 




(TlnT)-^ 


(TiT)-i 


Const. 


2^-1. 284 


rp — 0.72 


rji-1.305 


T~i 






T~i 


ji-1/2 


rji — 3/2 


T~i 



by application of pressure. We present here results for one conventional weak 
itinerant ferromagnet and one heavy fermion material near antiferromagnetic 
instability. First example is Scsin which has a transition temperature of about 6 
K. The specific heat above Tc (Fig. 2) curves are due to Ikeda [19]. They show a 
good fit to the theory with C^(T)/T ~ (T — The other example is heavy 
fermion material CeCue which is non-magnetic. On alloying with An the lattice 
expands and an antiferromagnetic order is observed in CeCue-a^Aua; above a 
critical concentration Xc ~ 0.1. The Neel temperature of the anti- ferromagnetic 
heavy-fermion alloy CeCus.rAuo.s can be continuously tuned to zero with in- 
creasing hydrostatic pressure. At the critical pressure the specific heat has been 
fitted to C/T ^ InTo/T curve [20]. We analyze the data again and fit the curve 
to our prediction corresponding to the temperature range of interest) in 

the (Fig. 3). Here we compared only the specific heat results. Other results, for 
example, the resistivity ([21]), and relaxation rate ([22]) have been presented 
earlier [10]. 

4 Quantum to Classical Crossover for a 7^ 0 

For a finite a the fermi liquid behavior is restored at low temperatures (r < 
(u(0)) while the non fermi liquid behavior reminiscent of classical spin degrees 
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Fig. 2. Plot of CvjT as a function oiT — Tc for Scsin. The experimental points [19] 
are represented by circles and the solid line represents the theoretical fit. 



of freedom remains at higher temperatures. This has been seen long ago in 
susceptibility behavior of liquid ^He [5,23]. We discuss here only an interesting 
consequence which arises due to presence of a low energy scale and of a crossover 
from classical to quantum behavior across it. 

Consider Eq. 14 for the specific heat. It is clear that the calculation of specific 
heat correction due to spin fluctuations involves the temperature dependence of 
spin susceptibility. For low temperatures (r < <a(0)) the correction to the specific 
heat is given by, 



Ub 



E 



TT^r 



Aq{a + 6q^) 



(18) 



The phase space integral reproduces the standard paramagnon mass enhance- 
ment result, rlnjl/o;} for AC. In the classical regime, a(0) < r <C 1, where 
the small y approximation holds AC falls and vanishes at higher temperatures. 
Now considered as a function of (u(O)Tp, specihc heat has different functional 
forms in these two regimes. The figure 4 shows the calculated curves for various 
temperatures in the case of antiferromagnetic spin fluctuations. The parame- 
ters correspond to those used for CeAls. As seen in the hgure, below a certain 
temperature Ter, specific heat decreases as a(0)Ti^ increases, while above it the 
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Fig. 3. Plot of Cy as a function of T for CeCu^.jAuQ,^ at a pressure of 8.2 kbar. The 
experimental points [20] are represented by circles and the solid line represents the 
theoretical ht (from [10]). 



behavior is reversed. Ter clearly marks a temperature where the AC is indepen- 
dent of a(0) . Ter is of the order of o;(0)Tp. Similar features have been obtained 
for ferromagnetic fluctuations. The spin fluctuation theory has only one param- 
eter, that is, a(0)Tp. The pressure or magnetic field dependence of physical 
quantities is realized through the dependence of (a(O)Tp on them. Whenever 
a(0)Tp is homogeneously increasing or decreasing function of these parameters 
the specific heat curves will cross at a point. In this case dC / da{C)TF = 0 at 
T = Ter also means dC jdX = 0 at the same temperature, where X is an exter- 
nal control parameter like pressure or magnetic field. The later equation is the 
condition for crossing of curves at a point. 

This crossing behavior was initially observed in ^He by Brewer et. al. [24] 
and has been seen later on, in a variety of systems ranging from systems close to 
metal-insulator transition to heavy fermions [25,26,27]. The variety of materials 
in which this phenomenon has been observed leads one to believe that there 
is some kind of universality in this behavior. In a recent publication, Vollhardt 
[28] has given a thermodynamic interpretation to this universality. The argu- 
ment given there relies on a smooth crossover between behavior of entropy at 
temperatures low compared to degeneracy temperature and the high tempera- 
ture classical limit. As such, the question of why such crossings are prominently 
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1.0 



a(0) T, 

Fig. 4. Specific Heat as a function of a(0)Tp for CcAls for various temperatures cal- 
culated from the spin fluctuation theory. 




seen in systems with highly enhanced magnetic susceptibility or effective mass 
remains unanswered. Here we propose that the operative cause is the proximity 
to a quantum critical point as explained above. 

For liquid ^He the specific heat calculated from spin fluctuation theory is 
plotted in Fig. 5 as a function of temperature for various values of pressure, 
assuming a linear reduction of (u(O)Tp with pressure. The experimental curves 
show similar behavior [29]. In Fig. 5 the free Fermi gas part (7r^T/2Tp) has been 
added to AC{T). For heavy fermion materials in which the specific heat curves 
cross (e.g. CeAls [26] and UBeis [27]); because of the similarity to liquid ^He, at 
the phenomenological level it is tempting to apply the spin fluctuation theory, 
with (a(O)Tp playing the role of the crossover temperature T^. However, there is a 
difference. While ^He can be considered close to a ferromagnetic transition, most 
heavy fermion materials seem to be close to an antiferromagnetic instability. We 
consider the heavy fermions in the coherence regime as nearly antiferromagnetic 
Fermi liquid. Moreover to reproduce huge effective mass observed, the fluctuation 
modes are considered essentially dispersionless [30]. 

The specific heat curves for CeAls are presented in Fig. 6. The parameter 
(u(O)Tp is of the order of the crossing temperature with a weak linear pres- 
sure dependence. In contrast to ^He, here a(0)Ty increases with pressure. This 
is because in ^He pressure brings the atoms closer and thereby increasing the 
interaction, while in heavy fermions the reduction in the lattice parameter en- 
hances the hybridization between conduction electron and f-electron, thereby 
the antiferromagnetic exchange between local moment and the conduction elec- 
tron will be enhanced leading to a non magnetic ground state. It is seen that 
the curves cross within a small regime close to the experimental crossing point. 
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Fig. 5. The calculated curves for C{P,T) of ^He. Here a{0)TF has been assumed to 
vary linearly with pressure (from [11]). 




Fig. 6. Semilog plot of C(P,T)/T as a function of T for CeAls for various pressures. 
The symbols are experimental points [26] and the lines are results from the spin fluc- 
tuation theory (from [11]). 



Beyond the crossing point the deviation from the experimental curves is large. 
In fact, in heavy fermions, the curves cross at two points, the second point being 
away from the crossover temperature T"^. The reason for the second crossing 
cannot be found within a single parameter theory like the present one. 





170 



S.G. Mishra 



5 Effect of Disorder 

In presence of disorder the electron moves in a random way getting scattered from 
impurities repeatedly. This introduces a hnite mean free path for an electron, 
and a hnite life time r in the electron propagator, which thereby modihes the free 
particle-hole propagator (diffuson), free particle-particle propagator (Cooperon) 
and electron-spin huctuation vertex. The huctuation theory gets modihed by 
inclusion of diffusive modes in propagators and vertices in diagrams for the spin 
fluctuation self energy (for example see [31,32]). The Stoner factor reduces to, 

a{T) = asF{T) - ad{T), (19) 

where ad{T) is correction due to diffusive modes. To the leading order in IjcFT, 
dd(T) ^ [1 — (27rrT)]/(ei?r)^, for low temperatures T <^\jT and has a van- 

ishing contribution otherwise. This low temperature deviation has indeed been 
observed experimentally in the susceptibility of NiaGa and NisAl away from sto- 
ichiometric composition [33] [31]. Clearly the disorder introduces a new energy 
scale (1/t), in the lowest temperature range. In the case of non-vanishing <a(0), 
in the case of ferromagnet in three dimension, the susceptibility inverse a{T) 
behaves differently in these regimes, e.g. as 7 " 1/2 J' ^ g^g T‘^ for 
Ijr <T < a(0), and as for a(0) < T < 1. Similarly the resistivity correc- 
tion Ap{T) behaves as ^ for T < 1/r, as T^/^a(0) for 1/r < T < <a(0), 
and as for a(0) < T < 1. In the case of vanishing material the quantum 
fluctuation regime (T < o;(0)) vanishes and the other two regimes merge. A 
detailed analysis is needed, which will clarify which of these two contributions, 
due to fluctuation or due to disorder effect will dominate as the quantum critical 
point approaches (<a(0) ^ 0). 

6 Conclusion 

The temperature dependence of various quantities for system undergoing ferro- 
or antiferromagnetic transition in two as well as three dimensions near the quan- 
tum phase transition point turns out to be non-fermionic in nature at lowest 
temperatures. The results hold for electronic phase transitions with a flnite but 
small Tc also. This is clear, as the results from the first rows in Table (1) match 
with some well known results in literature. However, they are pronounced and a 
clear non-Fermi liquid behavior is obtained when Tc ^ 0. Our results are per- 
turbative, but as discussed in the text the fluctuation correlation term is always 
smaller than the mean fluctuation held term. The behavior of these quantities is 
different in ferromagnet from the antiferromagnetic system. These two examples, 
in fact, represent two different types of quantum critical behavior. In ferromag- 
net the order parameter is a conserved quantity, while in the antiferromagnet 
it is not. This difference is reflected in the dispersion of their respective order 
parameter susceptibility as shown in equations (3) and (7). Other approaches 
based on renormalization group technique also use the same dispersion for cal- 
culation of dynamic exponent z [34,35]. In fact, it is possible to express the low 
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temperature exponents (given in first rows in the table) for susceptibility, resis- 
tivity and the NMR rate in three dimension in terms of z, viz. <a(T) 2^1 + 1/z^ 

p{T) 7 ^ 2 - 1 / 2 :^ 1/TiT ^ where z is 3 for ferromagnets and 2 for 

antiferromagnets. 

For a hnite (a(0) there is a crossover from fermionic to a non- fermionic tem- 
perature dependence. We have used the terms quantum and classical in our dis- 
cussion, reason being that for the temperatures below a{0)TF essentially define 
a regime where one gets a Fermi liquid behavior, whereas at high temperatures, 
fluctuations get correlated resulting in the classical behavior for the susceptibil- 
ity. The distinction, quantum versus classical, becomes clear when one takes the 
limit a(0) ^ 0 (the quantum critical point). In that case the Curie like behavior 
for susceptibility is obtained down to zero degree [10], while in the opposite limit 
(q;( 0) ^ 1) one gets the Pauli susceptibility. For specific heat, in either of these 
limits the curves for various pressures or fields do not cross. 
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Non-equilibrium Physics of Magnetic Solids: 
Time Dependent Changes of Magnetism 
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Institute of Theoretical Physics, Freie Universitat Berlin, 
Arnimallee 14, D-14195 Berlin, Germany 



Abstract. The characteristic times for reaching from the initial non-equilibrium state 
the equilibrium are analyzed for the electrons, the magnetization, magnetic reorien- 
tation, magnetic nanostructures and magnetic moments. In transition metals, excited 
d-electrons and itinerant spins have an ultrafast dynamic and relax on a similar time 
scale of the order of 10 fs or more. In contrast, changes of magnetism involving spin- 
lattice coupling like the reorientation of the magnetization at surfaces, interfaces and 
of domains may require times of the order of 100 ps or more. 



1 Introduction 

Motivated by recent advances in time-resolved spectroscopy, two-photon pho- 
toemission (2PPE) and time-resolved magneto-optics (MSHG), for example, 
studies of the response of electrons in magnetic transition metals, in high Tc- 
super conductors with antiferomagnetic spin correlations, and of domains in nano- 
structured thin films have received increasing interest [1]-[10]. On general phys- 
ical grounds one expects that such dynamics reflect characteristically the forces 
controlling magnetism, and the relaxation, aging of magnetic structures. For 
ferromagnetic transition metals like Ni, Fe etc., for example, the response of 
magnetism to electronic excitations is important. How quickly do excited elec- 
trons thermalize, return to the ground state, and how quickly does magnetism, 
the magnetization and the direction of the magnetization change [5,6]? For itin- 
erant magnetism in transition metals one expects on general physical grounds 
that the d-electrons and their magnetization respond on the same time scale and 
that this response reflects band-structure effects and is material specific [6,7,8]. 

The relaxation of excited electrons is controlled by the electron-electron and 
also by the weaker electron-phonon interaction and is generally spin-dependent. 
The distribution of the hot electrons is calculated with the help of the Boltzman- 
equation [8]. The resultant electronic temperature Tei{t) changes with time and 
first Tel > Tiatt and as time progresses after the initial electron excitation 
Tei{t) Tiatt{t)j Tiatt being the lattice temperature [9]. The magnetic response 
is then after a certain time expected to behave according to M{Tei{t)). Of course, 
the changes of the magnetization must obey angular momentum conservation. 
Electron dynamics in high Tc-supercondnctors should reflect characteristic en- 
ergies as indicated by the phase-diagram of the cuprate superconductors. Fur- 
thermore, magnetic reorientation and aging of magnetic domain structures in 



K. Baberschke, M. Donath, and W. Nolting (Eds.): LNP 580, pp. 173-187, 2001. 
(c) Springer- Verlag Berlin Heidelberg 2001 




174 



K.H. Bennemann 



nanostructured thin films is controlled by magnetic anisotropy and energy bar- 
riers due to exchange and magnetic dipole forces [10,11]. Then one expects in 
contrast to the ultrafast response of itinerant electrons and their spins a relatively 
slow response during times ranging from ps to seconds. The relaxation of the 
magnetization in thin nanostructured films will depend on the energy barriers 
against domain flips and thus characteristically on whether anisotropy, exchange 
or magnetic dipole interaction dominates the coupling between domains [11]. 

In the following we support this general physical picture by a simplified 
theory and by a discussion of the formulae used for the calculation of the non- 
equilibrium electron distribution, the electronic temperature Te/(t) resulting af- 
ter the thermalization of the hot electrons, of the magnetization M(Te/(t)), 
and for the analysis of 2PPE and SHG, and for the dynamics in high Tc- 
superconductors. 

2 Theory for the Dynamics of the Magnetization 
in Transition-Metals at Nonequilibrium 

Generally, the nonequilibrium electrons excited out of the exchange-split d-states 
in the Fermi sea, see Fig. 1 for illustration, will change the electron dynamics 
and the magnetization, since this depends generally on the electron distribution. 
Note, the effective Hubbard-type Goulomb interaction U and the exchange inter- 
action J is changed somewhat in the nonequilibrium state [7]. The redistribution 
of the hot electrons and of the electrons in the perturbed Fermi sea is calculated 
using the Boltzmann equation (8), (9). This takes into account effects due to 
secondary electrons and yields in accordance with Fermi-liquid theory for the 
lifetimes of the excited electrons (x {Ae^ ^ Here, As = s — sp^ 

Sp is the Fermi-energy, and N(j{s) is the density of states. However, not only 
Nfj{s), but also the strength of the spin-dependent Goulomb interaction M^a' 
between hot electrons with spin a and Fermi sea electrons with spin a' con- 
trolls the relaxation [8]. The thermalization of the excited initially nonthermal 
d-electrons together with the thermal ones in the Fermi sea constituting the hot 
magnetic moments will occur fairly rapidly of the order of several fs and for a 
time much smaller than ps [9,12,13]. The magnetic d-electrons may have ther- 
malized already before all d- and s-conduction electrons and long before electrons 
and lattice are again in equilibrium. The time scale for this dynamics follows of 
course from the characteristic interactions U amongst the d-electrons, typically 
of the order of eV, and the exchange interaction J amongst the magnetic mo- 
ments at neighboring lattice sites. In accordance with the Bloch-equation one 
expects with some restriction due to the Pauli-principle relaxation times of the 
order of t ^ ^ excited electrons and the magnetization [13]. 

It is Tc ^ J, where is the Gurie-temperature. Note, changes of the magneti- 
zation must conserve angular momentum and this involves transfer of angular 
momentum between neighboring spins or between spins and electronic orbits (s. 
spin-orbit coupling K.o.). The intra-atomic is of the order of 50 to 70 meV 
for Ni, Fe and hence not much smaller than J. Schematically, the time evolution 




Non-equilibrium Physics of Magnetic Solids 175 




^ 

photons 



nonequilibrium 
distribution of 
dectrons 









Fig. 1. Illustration of the scenario for the non-equilibrium state produced by exciting 
optically electrons out of the ground state (the Fermi sea), sf is the Fermi-energy. 
The hot electrons relax first due to electron-electron interactions. The electron ther- 
malization is characterized by the electron temperature Tei{t). Energy transfer from 
the electrons to the lattice occurs via the electron-lattice coupling and which controls 
Tei{t) for longer times. Time resolved spectroscopy observes the dynamics of the hot 
electron distribution n{t). A spin split density of states N(E) or circularly polarized 
light creates a spin-polarization of the hot electrons 



of the magnetic response to hot electrons shown in Fig. 2 is described by 

M[to] ^ ^ M[Tei{t)] . (1) 

Here, to refers to the initial time at which the perturbation (of the pump laser, 
for example) has stopped, refers to the number of excited d-electrons which 
have not yet thermalized at time t, and finally T^iit) is the temperature of the 
thermalized electrons and which is different from Tiatt{t) due to the thermalized 
hot electrons. Of course, Toi{to) = Tiatt{to)- Clearly, if the d-electrons responsible 
for magnetism have thermalized again the magnetization is approximately given 
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Fig. 2. Illustration of the magnetic response accompanying the time-dependent changes 
Telit) of the electrons. Note, for itinerant metals changes of the magnetization happen 
on the same time scale as those of the electronic distribution 



by where T^i is the electronic temperature, and while one has still 

Tel 7^ Tiatt in general. Tiatt is the lattice temperature. 

Since d- and s-, p-electrons establish a common temperature Tei and since 
the S-, p-electrons thermalize more slowly over a time scale of the order of up 
to a few hundred fs generally, we expect the strongest nonequilibrium reduction 
of the magnetization M(Tg/) when Tei is maximal [6,12]. Note, the interplay 
of electron-electron interactions and electron-lattice interaction determines at 
which time t one gets a maximal temperature Tei. First, Tei{t) increases as time 
progresses due to the thermalizing hot electrons and then decreases again as 
energy is transferred from the hot electrons to the lattice via the electron lattice 
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Fig. 3. Time scales for the dynamics of the non-equilibrium state. Electron thermaliza- 
tion occurs during 10-100 fs. Thus, when electron-phonon interaction becomes more 
and more effective, Tei(T) Tiatt after some ps. After a longer time, t ^ 100 ps, mag- 
net oelastic dynamics involving domains, magnetic reorientation and spin-relaxation in 
a warm lattice occurs. Changes of domain magnetization, in nanostructures, for exam- 
ple, which involve energy barriers may last up to seconds 



coupling, see Fig. 3. As a result also the lattice warms up, Tiatt{t) > Tiatt{to)j 
and after times of a few ps or more T^i Tiatt again. Note, the diffusion of the 
hot electrons out of the region where the excitations occur is relatively slow. 

It is important to realize that the hot electrons may cause disorder of the 
spin-directions of neighboring atoms on a time scale of the order of t ^ J~^ 
as well as a change of the magnitude of the local magnetic moments due to an 
intra-atomic redistribution of the d-electron spins on a time scale of the order of 
t ^ U~^. Generally, flipping locally a spin involves also a change of the acting 
molecular field and thus of the magnitude of the magnetic moment [14]. 

To treat the dynamics of excited itinerant electrons and their magnetic mo- 
ments in Ni, Fe, Co, etc., one may use the Hubbard Hamiltonian [7,14]. In its 
simplest form this is given by 

H = tijc\cj + U + • • • ^ Hq + , (2) 

hi i 

where the usual notation is used. Hq describes itinerant electrons and the 
exchange interaction ^ j known that the band char- 
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acter of the s, d- valence electrons and their kinetic energy is set by the hopping 
integral tij and by the interplay of t and U . U is essentially responsible for elec- 
tronic interactions, correlations and magnetism. The magnetic moment /i^ at 
atomic site i is given by [14] 



Hi oc (nit “ '^ 4 ) • (3) 

Here, nj^ = J ds f{e,Tei) Ni„{e) gives the number of electrons at site i with 
spin a. Note, within Hubbard Hamiltonian treatment the local density of states 
will depend on the occupation of states. And thus for a given distribution 
of electrons at time t = 0, when the laser irradiation starts and excites many 
electrons into states above one has to recalculate at time t self-consistently 
Ni(j{e^Tei)^riia{Tei) and the magnetic moments fii{Tei). Here, T^i refers to the 
temperature of the thermalized electrons which is established after a certain time 
t. Thus, for large T^i ^ Tc possibly, one expects fiiiT^i) 0. Note, also 
depending on the photon energy s. Fig. 1, electrons are mainly excited into 
s-states or d-states and also one may get more electrons of spin t or spin 4^ due 
to density of states effects, for example. Clearly this will somewhat affect time- 
dependently fii{t > 0). One can state quite generally that after a time t ranging 
from 10 fs to a few hundred fs the hot s- and d-electrons and the remaining cold, 
not excited valence electrons have thermalized again. 

Regarding the spin-dependent lifetimes of the hot electrons, note one gets 
approximately from the Boltzmann equation [8,9,15] 

f - nn - y. (4) 

and for the change of the distribution function 

. (5) 

This yields then for the lifetime of the excited electrons [8] 

^ to£f/{£ - £pf ~ N~^{s) ( 6 ) 

with 

64 / m 128 1 

Here, n is the number of electrons per atom and uUp the plasmon frequency. 
Evidently, these expressions describe that d-electrons have smaller lifetimes and 
therefore thermalize faster than s,p-electrons with smaller density of states (DOS) 
around Sp for example. The d-electron thermalization speeds up as the DOS 
available at Sf for the relaxing electrons increases (for Ni ^ Co ^ Fe: r ^ 
15 ^ 5 fs for {e — sp) ^ leH [2,8]. Since N^{s), N^{£) varies for Ni, Co and 
Fe, one expects corresponding characteristic behavior of T(j or respec- 

tively. With increasing density of excitations, the lifetime shortens and then 
the thermalization will speed up. Also, according to the Boltzmann equation, r 
shortens as the electronic temperature T^i increases [8,15]. 
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Using these Eqs. one estimates that the excited d-electrons in Ni, Fe, Co have 
a lifetime of the order of 10 to 100 fs, this compares well with experimental re- 
sults [2] and this indicates already an electron thermalization during such times. 
Thus we expect that after 10 fs or more the hot electrons begin to establish a 
temperature Tg/. Of course, it may take a time up to a few hundred fs until all 
s,p-type hot electrons have thermalized [3]. Hence, for noble metals, but less so 
for magnetic transition metals, the electron temperature T^i may increase with 
time after most of the d-electrons have thermalized, since s-, p- electrons con- 
tinue to thermalize. As time progresses {t ps), the electron-lattice interaction 
described by the coupling ^e-ph becomes more active with respect to transferring 
energy from the hot electrons to the lattice and determines the time-dependent 
change of the electron temperature. Then, the electron temperature T^i decreases 
again, see Fig. 2, 3. 

The calculation of the time-dependent electron-temperature caused by the 
hot electrons is performed as follows: Approximately, Tg/(t) follows from the 
coupled master eqs. [16] 



Cel (Tel) — ~9e-ph{Tel ~ Tiatt) ^ ^ J ds £ N{£)f + * * • , (8) 

0 



and 



/rri \ 

^latt [J- latt ) — — 



9e—ph{Tel Tiatt) T * * * , 



(9) 



where includes the exciting laser pulse and where at time to, when the 

excitation by the laser pulse begins, electron and lattice temperatures are equal, 
Tel = Tiatt = Tq. Ciatt F the lattice specific heat and / = /o + ^/, being the 
contribution to the electronic distribution function due to the nonthermal excited 
electrons and Cei = dE/dT is the electronic specific heat for the nonequilibrium 
state. Note, the interplay of the energy distribution amongst the s,p, d-electrons 
and the lattice determines Tei{t). The energy transfer from the hot electrons to 
the colder lattice is controlled by the electron-lattice coupling ^e-ph- Thus the 
maximal temperature resulting for a given light input energy (fluence F) 

is given. In general, in transition metals ^e-ph F larger for d-electrons than for 
S-, p-electrons. Of course, depends also on the duration uj of the laser pulse 

and T^^^{t) occurs at shorter times as lo decreases. Note, that for a; ^ 0 the 
maximal electron temperature is reached at a time set by {gee/ 9e-ph)' 

Regarding the magnetic response, note as the d-electrons thermalize and feel 
the temperature Tei{t), one gets on general grounds 



M{t)^M{T,i{t)) 



( 10 ) 



for the time-dependent response of the magnetization to excitations. Usually, one 
has M{to) > M{t). Here, M{Tq) is the magnetization at the temperature Tq = 
Tiatt at the time to before the excitations have increased the temperature. M (t) 
refers to the magnetization during the time where nonthermal electrons reduce 
the magnetization. Of course, as the electrons relevant for magnetism reestablish 
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delay time (ps) 

Fig. 4. SHG results showing the dependence of Tei (t) and the magnetic response A (t) 
on the duration T of the exciting laser pulse (FWHM) and its intensity. Behaviour of 
the magnetic response A~ (t) for T > Tc^Tc being the Curie-temperature, is also shown 



a temperature one expects M{t) M[Tqi). Thus, the magnetization will 

decrease until is reached and then recover again as Tei{t) decreases again. 

This is illustrated in Figs. 3, 4. For T^i > Tc^ of course, M ^ 0 and remains 
zero until T^i becomes again smaller than the Curie temperature T^, see Fig. 5. 

Using the Hubbard Hamiltonian or equivalently the Heisenberg Hamiltonian 
Hex = j J l^i ' where J is the exchange coupling between neighboring 
magnetic moments one estimates in accordance with the Bloch equation for 
the ensemble of local magnetic moments (li a spin thermalization or relaxation 
time of the order of 



t > 



r\j 



1 1 



( 11 ) 
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Fig. 5. Light induced magnetic pattern at surfaces due to magnetic reorientation 
M± M|| in response to hot electrons, Tei(t). Note, the response time for the reori- 
entation transition is given by tn ^ Eanisot ^ lOOps in transition metals, for example 



Here, z is the number of nearest neighbors and typically J ~ 0.1 eV. Thus, for 
example, the magnetization of Fe is expected to respond nearly twice as fast as 
the one of Ni. For Ni we estimate a response time to electronic excitations of 
the order of 100 fs or even much faster 10 fs), dependent on the number of 
excitations and the excitation energy range (s: — For Ni, for example, /i^ 
may decrease by about 30% [14]. 

Of course, changes of the magnetization must conserve angular momentum 
and this may involve not only (transversal) local spin excitations, but also the 
local intra-atomic-like spin-orbit coupling Vgo {Vgo < J for Ni, Fe). Note, if the 
nonequilibrium distribution causes also a decrease of /i^, then the spin-relaxation 
time increases. 

3 Results 

We present results (3.1) for the thermalization of the hot electrons, for Tg/(t), 
(3.2) for the spin-dependent lifetimes r^j calculated using the Boltzmann-equation 
and compare them with 2PPE results obtained by Siegmann, Aeschlimann et 
ah, (3.3) for time resolved nonlinear magnetooptics obtained using general SHG- 
theory and compare these with experiments by Matthias et ah. These results 
support the general conclusions discussed in Sect. 2. 

3.1 T^i(t) 

In Figs. 2, 3, 4 and 5 results are shown for the thermalization of the excited elec- 
trons in Ni. Tei{t) and Tiatt{t) are calculated from the coupled Master-equations. 
The absolute values of these temperatures depend on the fluence F of the ab- 
sorbed light, approximately — Tg/(to)) ~ F. The maximal electronic 

temperature results from the interplay of electron-electron and electron- 

lattice interaction and at which time T^iit) becomes maximal depends also on 




182 



K.H. Bennemann 



the duration of the laser pulse exiting the electrons, see Fig. 6. Note, the ther- 
malization needs some time and is first mainly controlled by the relatively strong 
electron-electron interaction. A more complete calculation many also include in 
addition to the electron-lattice coupling the interaction of the hot electrons with 
all other excitations, for example spin-excitations (magnons, Stoner-excitations) . 

3.2 Lifetimes To- of Excited Electrons in Transition Metals 

Results obtained from using the Boltzmann-equation are given for the lifetimes 
of excited electrons in Cu, Co and Ni, for example. For the 2PPE-analysis we 
use j 2 PPE{t) oc fka{t)^ where J 2 Ppe is the electron emission current [8,9]. In 
Fig. 7 we show results for r(s — £e) in Co and compare with r in Cu. Note, we 
get Tcj ^ {e — ^ N~^{eF)^ This explains r{Cu) > r{Co). However, note 

in order to obtain agreement with experiment we have to use for the Coulomb 
matrix-element M describing scattering of the hot electrons mainly by the Fermi- 
sea electrons in Co a value M ~0.4 eV rather than M ~ 0.8 eV as for Cu. We 
expect that this reflects the stronger screening of the Coulomb interaction by 
the d-electrons in states near sf in Co in comparison to Cu [22]. Also, we use in 
view of the Pauli-principle This influences in particular 

Note, the remarkable agreement with experiments and the ultrafast relax- 
ation times (t < 100 fs) which also support the relatively fast thermalization 
shown in Figs. 2, 4, 5. 

3.3 Magnetooptics 

Time resolved nonlinenar optics (SHG) is a particular sensitive tool for studying 
the magnetic response in transition metals. We refer to pump-probe spectroscopy 
where upon variation of the delay time for the action of the probe laser the 
dynamics of the electron-level population and magnetic changes are obtained 
[8,9]. Note, SHG probes surfaces and interfaces. 

The magnetic SHG signal is given by 

D^(t) = /(M,t) . (12) 

The SHG intensity is calculated by I{2uj) oc| P{2uo) p and the polariza- 

tion P is then given in terms of the electric field E by [17] 

Pi = Pij£Xij£pjp£ • ( 13 ) 

Here, F denotes Fresnel coefficients and Xiji is 1^^ nonlinear susceptibility. To 
compare with experiments it is convenient to study the changes (response) 

where to refers to the time at which the pump laser pulse starts to act and t to 
the observation time. To simplify the analysis we write [20,21,22] 

X(M) = Xe + Xo{M), xo ^ x'M . 



(15) 
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delay time {ps) 




delay time (ps) 




“0,5 0 0.5 1 1.5 a 

delay time (ps) 

Fig. 6. Results for the electronic temperature and for A (t) ^ I{AI) — I(—M) and 
~ I{AI) Note, Tel is max. when A~ (t) and A~^ are minimal. Theory 

and experiment compare well for t ^ 200 fs, but not for small t. Also, A~ oc M{Tei) 
for larger times. F is the fiuence and the intensity I refers to SHG light 
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Fig. 7. Lifetime r of excited electrons in Cu and Co. Note, the Coulombic electron- 
electron interaction matrix-element M is taken to be smaller for Co then for Cu due 
to the larger d-electron screening in Co (F(r) ~ , ko ^ N{£f)) 



Here, Xe and xo denote the contributions to x which are even and odd in the 
magnetization, respectively. Note, one has generally to take into account the 
relative phases 0 between the tensor elements of x [20,21,22]. 

In Fig. 6 results are given for and zA+(t). Note, the ultrafast 

magnetic response for times t < 200 fs which is expected to become even faster 
as the duration of the exciting laser pulse gets shorter. It is interesting that the 
minima of 4\+(t) and A~(t) occur at nearly the same time and at a time at 
which Tei(t) is maximal. For longer times it seems valid to use M{Tei{t) for the 
analysis [12,23,24]. 

In Table 1 we compare results for the minima of and A~{t) and also 

indicate the polarization dependence of MSHG and which tensor elements get 
involved. 

In Fig. 4 we show how the results may depend on the absorbed laser energy 
(fluence F) and the duration W of the exciting laser pulse. Note, for > Tc, 

Tc being the Curie-temperature, one expects that A~{t) —1 for the time 
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Table 1. Values for the tensorelements Xijt split into even {xe) and odd (xo) con- 
tributions with respect to the magnetization (iW) dependence and for the response 
quantities . y^x are in the surface plane, y V optical plane. We use F = 1.15, 
a 0.9, ^ 500i^, FeXe/FoXo ~ 10 
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0 


Xo{M II y) 0 
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response calc expt 



Z\+ . 

mzn 



-0.4 -0.35 
- 0.2 - 0.2 



where T^i{t) > Tc. This is illustrated. Experiments by Matthias et al. support 
this [22,24]. 

For thin films one may get Tei{t) > Tc for a given fluence by varying the 
film thickness, since Tc = Tc{d) where d is the film thickness. Again, will 

reflect this. 

In general one expects that T^^^{t) and may not coincide and 

that the magnetic response occurs with a certain time delay, since the coupling 
between the thermalizing electrons is somewhat stronger than the one between 
the spins {U versus J in the framework of the Hubbard Hamiltonian and typically 
U > J) [24]. At any rate, the results indicate the possible ultrafast (fs) magnetic 
response of itinerant ferromagnets in accordance with the general arguments 
presented in the previous chapter. 

Finally it is of interest to study transient magnetism induced by circularly 
polarized light, for example in Pd, Rh, etc. 

Summary 

The magnetic response of itinerant metals at non-equilibrium has been stud- 
ied. We show that of course the relaxation is controlled by the forces causing 
magnetism. Further MSHG and 2PPE pump-probe experiments and theoretical 
studies (note SHG 2PPE, quantum-mechanical interference effects, calcula- 
tion of the spin-dependent Goulomb matrix-elements for electron-electron scat- 
tering, A;-selective 2PPE, etc.) are needed to refine and sharpen the physics of 
the dynamics. 

Of interest is also to determine time resolved the rotation of the spin of a spin- 
polarized current through a thin ferromagnetic film, using 2PPE for example, and 
of spin selectively excited electrons (by circularly polarized light) by the mag- 
netization of Fermi-sea electrons. In layered film structures (Go/Gu/Ni/Gu..., 
for example) non-equilibrium magnetic response, time resolved alignment in an 
external field, should also permit fast processes. Hot electrons will change the 
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interfilm exchange coupling, but may also change selectively the magnetization 
in the Co or Ni him. Using instead of a Cu him Pd or Rh hlms, for example, one 
may change with the help of circularly polarized light (inducing transient mag- 
netization in the non-ferromagnetic transition metal) drastically the interlayer 
exchange coupling Jint^ 
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Abstract. New insights into the microscopic origin of itinerant ferromagnetism were 
recently gained from investigations of electronic lattice models within dynamical mean- 
field theory (DMFT). In particular, it is now established that even in the one-band 
Hubbard model metallic ferromagnetism is stable at intermediate values of the inter- 
action U and density n on regular, frustrated lattices. Furthermore, band degeneracy 
along with Hund’s rule couplings is very effective in stabilizing metallic ferromag- 
netism in a broad range of electron fillings. DMFT also permits one to investigate 
more complicated correlation models, e.g., the ferromagnetic Kondo lattice model with 
Coulomb interaction, describing electrons in manganites with perovskite structure. 
Here we review recent results obtained with DMFT which help to clarify the origin of 
band- ferromagnetism as a correlation phenomenon. 



1 Introduction 

Since the Curie temperature of ferromagnetic metals like iron, cobalt, and nickel 
is of the order of electrostatic energies in solids, i.e., is much higher than the 
interaction energy of the electron spins, itinerant ferromagnetism is expected to 
be the result of the interplay between the ordinary spin-mdependent Coulomb 
interaction and the kinetic energy of the electrons, in combination with the Pauli 
principle [1,2,3]. As such it is one of the fundamental cooperative phenomena in 
condensed matter physics. 

Until recently the theory of itinerant ferromagnetism was investigated by two 
essentially separate communities, one using model Hamiltonians in conjunction 
with many-body techniques (or even rigorous mathematical methods [4,5,6]), 
the other employing density functional theory (DFT) [7,8]. DFT and its local 
density approximation (LDA) have the advantage of being ab initio approaches 
which do not require empirical parameters as input. Indeed, they are highly suc- 
cessful techniques for the calculation of the electronic structure of real materials. 
However, in practice DFT/LDA is restricted in its ability to describe strongly 
correlated materials. Here, the model Hamiltonian approach is more general 
and powerful since there exist systematic theoretical methods to investigate the 
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many-electron problem with increasing accuracy. Nevertheless, the uncertainty 
in the choice of the model parameters and the technical complexity of the cor- 
relation problem itself prevent the model Hamiltonian approach from being a 
flexible or reliable enough tool for studying real materials. The two approaches 
are therefore complementary. 

Originally the one-band Hubbard model was introduced to gain insight into 
the origin of metallic ferromagnetism [9,10,11]. However, even for this simplest 
possible microscopic model answers are not easily obtained since in general 
metallic ferromagnetism occurs at intermediate couplings and off half hlling 
[3,12]. Thus, this cooperative phenomenon belongs to the class of problems 
where standard perturbation techniques are not applicable. In particular, weak- 
coupling theories or renormalization group approaches [13] which are so effective 
in detecting instabilities with respect to antiferromagnetism or superconductiv- 
ity meet with limited success here. In general, non-perturhative investigations 
are required. 

During the last couple of years significant progress was made in the theoret- 
ical understanding of the microscopic foundations of metallic ferromagnetism. 
They were made possible mainly by the development (i) of new analytic ap- 
proaches, such as the mathematical methods used to investigate flat-band fer- 
romagnetism [6] and its extensions [14,15] as well as dynamical mean- field the- 
ory (DMFT) [16,17,18], (ii) of new numerical techniques, such as the density 
matrix renormalization group (DMRG) which yields precise results in d = 1 
[19], and (hi) of new comprehensive approximation schemes such as the multi- 
band Gutzwiller wave function [20], or the new ab initio computational scheme 
LDA+DMFT [21,22,23] which merges conventional band structure theory (LDA) 
with a comprehensive many-body technique (DMFT). 

In this paper the insights gained with the help of the DMFT will be reviewed. 
After a short introduction into this approach (Section 2), the microscopic con- 
ditions for metallic ferromagnetism in the one-band Hubbard model (Section 3) 
and in the case of the orbit ally degenerate model (Section 4) are explained and 
the differences discussed. Furthermore, the physics of itinerant ferromagnetism 
in more complicated models, e.g., the ferromagnetic Kondo lattice model with 
Goulomb correlations for manganites with perovskite structure, is analyzed. A 
conclusion and outlook (Section 5) closes the presentation. 

2 Dynamical Mean-Field Theory 

During the last decade a new many-body approach was developed which is es- 
pecially well-suited for the investigation of correlated electronic systems with 
strong local interactions - the dynamical mean-field theory (DMFT) [24]. It 
becomes exact for d = oo, i.e., for lattices with coordination number Z = oo 
[16]. Why is the investigation of this limit useful and interesting? The answer 
is that already in d = 3 the coordination number of regular lattices, such as 
the fee lattice, is quite large (Zfee = 12). It is therefore quite natural to view Z 
as a large number, and to consider the limit Z ^ oo as a starting point [16]. 
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To obtain a meaningful model in this limit one has to scale the NN hopping 
amplitude in the kinetic energy (see below) as t = t"" j^fZ (in the following we 
set t* = 1 and thereby fix the energy scale). Then one obtains a purely local 
theory where the self-energy becomes k independent and where the prop- 

agator G(k,uj) = G^(k, u; — ZJ{uu)) may be represented by the non-interacting 
propagator at a shifted frequency [24] . The dynamics of the quantum mechanical 
correlation problem is then fully included. That is why this theory is referred 
to as “dynamical mean-field theory” (DMFT). We note that due to the local 
nature of the theory there is no short-rsinge order in position space. 

Within DMFT the electronic lattice problem is mapped onto an effective self- 
consistent single-impurity Anderson model [24]. DMFT is a non-perturbative, 
thermodynamically consistent theoretical framework within which the dynam- 
ics of correlated lattice electrons with local interaction can be investigated at 
all coupling strengths. This is of essential importance for problems like band- 
ferromagnetism or the metal-insulator transition [25] which set in at a Coulomb 
interaction strength comparable to the electronic band width. 

In DMFT the information about the lattice or the dispersion of the system 
under investigation enters only through the density of states (DOS) N^{E) of 
the non-interacting particles, unless there is long-range order with broken trans- 
lational symmetry of the lattice as in the case of antiferromagnetism. In finite 
dimensions, e.g., d = 3, DMFT is then an approximation - usually an excellent 
one as is manifested by the plethora of results obtained within the last decade 
[24]. DMFT is presently the only comprehensive, thermodynamically consistent 
computational scheme which allows one to investigate the dynamics of correlated 
lattice electrons on all energy scales. 

Due to its equivalence to an Anderson impurity problem a variety of ap- 
proximative techniques have been employed to solve the complicated DMFT 
equations, such as the iterated perturbation theory (IPT) [26] and the non- 
crossing approximation (NCA) [27], as well as numerically exact techniques like 
quantum Monte-Carlo simulations (QMC) [28], exact diagonalization (ED) [29], 
or the numerical renormalization group (NRG) [30]. However, NRG cannot yet 
be used to solve the DMFT equations for multi-band models. 

In the present paper all DMFT results were obtained by QMC. This is a 
particularly well-tested and reliable, albeit computer-expensive method which 
may be employed down to temperatures T ^ 10“^FF (W: band width) and at 
not too strong interactions. 

3 The One-Band Hubbard Model 

The one-band Hubbard model 

Htiub = ~E ^ F (1) 

i,j,a i 

is the simplest lattice model for correlated electrons, and was originally proposed 
to understand metallic ferromagnetism in 3d transition metals [9,10,11]. Here, tij 
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Fig. 1. DOS of noninteracting electrons on a fee lattice in d = 3 with and without 
additional NNN hopping t' . 



is a general hopping matrix element between sites i and j. In the past the kinetic 
energy in (1) was usually restricted to nearest-neighbor (NN) hopping; then it 
is useful to divide the underlying lattices into bipartite and non-bipartite ones. 
This distinction ceases to be useful if, in addition to NN hopping longer-range 
hopping, in particular next-nearest-neighbor (NNN) hopping t' is considered. 

The Hubbard model is characterized by a purely local interaction term which 
is completely independent of the lattice structure and dimension. Therefore in 
this model the kinetic energy of the electrons (i.e., the dispersion) and the struc- 
ture of the lattice are very important for the stability of metallic ferromagnetism. 
This is well-known from the approximate investigations by Gutzwiller [9] , Hub- 
bard [10], Kanamori [11] and Nagaoka [31], and has recently been confirmed, 
and made precise, by detailed investigations [6,32,15,14,17,18]. 



3.1 Routes to Ferromagnetism 

On bipartite lattices the t'-hopping term destroys the antiferromagnetic nesting 
instability at small U (see, for example [33]) by shifting spectral weight to the 
band edges and thereby introducing an asymmetry into the otherwise symmetric 
DOS. It will be shown below that a high spectral weight at the band edge (more 
precisely: the lower band edge for n < 1) minimizes the loss of kinetic energy of 
the overturned spins in the magnetic state and is hence energetically favorable. 
Therefore frustrated, i.e., non-bipartite lattices, or bipartite lattices with frus- 
tration due to further-range hopping (e.g., t' ^ 0) support the stabilization of 
metallic ferromagnetism. 

The fee lattice is an example of a frustrated lattice in d = 3. The corre- 
sponding DOS of the non-interacting particles is shown in Fig. 1. Switching on 
an additional NNN hopping t' further increases the spectral weight at the lower 
band edge. For t' = t/2 one even obtains a square-root-like divergence. To un- 
derstand why a high spectral weight at the band edge is favorable for the kinetic 
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energy we first consider the case U = 0, n < 1 [12]. Let us consider a flat, sym- 
metric DOS. The fully polarized state is obtained by inverting the spin of the 
down electrons, which due to the Pauli principle have to occupy higher energy 
states. Counting the energy from the lower band edge the Fermi energy of the 
polarized state, is seen to be twice that of the unpolarized state. This should 
be contrasted with a DOS having large spectral weight at the lower band edge. 
Here the Fermi level of the polarized state is not so strongly shifted upwards, 
i.e., fewer high energy states are populated, which is clearly energetically favor- 
able. The energy difference between the fully polarized state and the unpolarized 
state 



AE 




(IE N°{E) E 



( 2 ) 



must become negative for the ferromagnetic state to be stable. Of course, in the 
non-interacting case one has AE > 0 [4]. Nevertheless, even for f/ = 0, AE 
attains its lowest value for a DOS with peaked spectral weight at the lower band 
edge for all n < 1 [12]. To show that AE < 0 for f/ >0 requires a reliable 
calculation of the energy of the correlated paramagnet. Indeed, this is one of 
the central, most difficult problems of electronic correlation theory. It should be 
noted that the above discussion concerning the shape of the DOS goes beyond 
the well-known Stoner criterion which predicts a ferromagnetic instability of the 
paramagnet for U equal to the inverse of the DOS precisely at the Fermi level. 



3.2 Frustrated Lattices 

Since metallic ferromagnetism is an intermediate-coupling problem purely an- 
alytic approaches alone cannot provide sufficient information, in particular in 
dimensions d > 1. In this situation the development of new numerical tech- 
niques during the last few years was of crucial importance for progress in this 
field. In particular, for one-dimensional systems the DMRG [19], and for high- 
dimensional systems the DMFT have led to important insights. Here we restrict 
ourselves to results obtained by DMFT. 

By a suitable generalization of the dispersion relation in three dimensions, 
frustrated lattices like the fee lattice can be defined in any dimension, in partic- 
ular in d = oc [34]. With the proper scaling of the hopping term (see above) the 
non-interacting DOS of the generalized fee lattice in d = oo is obtained as: 

N^gf,,{E) = e-(i+'/^^)/2/yNlWi^ (3) 

It has a strong square-root divergence at the lower band edge, and no 

upper band edge. 

Investigations of the stability of metallic ferromagnetism on fcc-type lattices 
within DMFT, in combination with finite-temperature QMC techniques to solve 
the DMFT equations, were first performed by Ulmke [35]. To detect a ferromag- 
netic instability one calculates the temperature dependence of the uniform static 
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Fig. 2. Magnetization m (diamonds) and inverse ferromagnetic susceptibility Xf^ 
(circles; note the factor of 4 in the definition) as calculated by DMFT for the one-band 
Hubbard model with DOS (3) at U = 4 and n = 0.58. Error-bars are of the size of the 
symbols or smaller. The value ot Xf^ at T = 0.05 is a data point, not an extrapolation. 
The dotted line is a linear fit to the dashed fine a fit with a Brillouin function to 
m [35]. 



susceptibility xf from the corresponding two-particle correlation function [36]. 
For and at an intermediate interaction strength ofU = 4 the ferromag- 

netic response is found to be strongest around quarter filling (n ^ 0.5). The sus- 
ceptibility Xf is seen to obey a Curie- Weiss law (Fig. 2). Thus the Curie temper- 
ature Tc can be safely extrapolated from the zero of Xf^- For n = 0.58 this leads 
to a value of Tc = 0.051(2). Below Tc the magnetization m (a one-particle quan- 
tity determined by the local propagator) grows rapidly, reaching more than 80% 
of the fully polarized value {rrimax = n = 0.58) at the lowest temperature (30% 
below Tc). The three data points m(T) in Fig. 2 are consistent with a Brillouin 
function with the same critical temperature of Tc = 0.05 and an extrapolated full 
polarization at T = 0. (We note that a saturated ground-state magnetization 
is also consistent with the single-spin-flip analysis of the fully polarized state 
by Uhrig [17]). So one finds simultaneously a Curie- Weiss-type static suscepti- 
bility with Brillouin-function-type magnetization, and a non-integer magneton 
number, in qualitative agreement with experiments on 3d transition metals. In 
the past, these features were attributed to seemingly opposite physical pictures: 
the former to localized spins, and the latter to itinerant electrons. However, this 
was only because of the use of oversimplified, static mean-field-type theories 
like Weiss mean-field theory (for spin models) and Hartree-Fock (for electrons). 
Here we see that these properties are natural features of correlated electronic 
systems, which are generated by the quantum dynamics of the many-body prob- 
lem. Within DMFT this “paradoxical” behavior of band ferromagnets is resolved 
without difficulty. 

Collecting the values of Tc(/7, n) obtained by XF^{Tc^U,n) = 0, the bound- 
aries between the ferromagnetic and the paramagnetic phases are determined. 
Thereby one can construct the T vs. n phase diagram for different values of U . 
The region of stability increases with U [35]. 
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Fig. 3. (a) T vs. n phase diagram of the Hubbard model as obtained within DMFT 
for the DOS corresponding to a three-dimensional fee lattice with NN hopping t' = tjA 
(see Fig. 1); (b) DOS of the interacting electrons in the ferromagnetic phase of (a), 
solid line: majority spin, dashed line: minority spin [35]. 



To make contact with d = 3 one can use the corresponding fee DOS shown 
in Fig. 1. For t' = 0 no instability is found at temperatures accessible to QMC. 
However, already a small contribution of t'-hopping (which is present in any 
real system) is enough to stabilize a large region of metallic ferromagnetism in 
addition to an antiferromagnetic phase (which is absent in d = oc), close to 
half filling (Fig. 3a) [35]. This shows the strong and subtle dependence of the 
stability on the dispersion and the distribution of spectral weight in the DOS. 
By developing increasingly refined schemes of iterated perturbation theory to 
solve the DMFT equations Nolting and collaborator [37] obtained T vs. n phase 
diagrams which reproduce the QMC results remarkably well. 

We note that the maximal transition temperature is = 0.05 ~ 500 K 

for a band width W = A eV. This is well within the range of real transition 
temperatures, e.g., in nickel. 

So far we only argued on the basis of the shape of the DOS of the non-m.- 
teracting electrons, N^{E). On the other hand the interaction will renormalize 
the band and relocate spectral weight. Therefore it is not a priori clear at all 
whether the arguments concerning the kinetic energy discussed in subsection 3.1 
still hold at finite U. We note that this effect is also not taken into account in 
any Stoner theory. To settle this point one may calculate the DOS of the inter- 
acting system, N{E)^ by employing the maximum entropy method for analytic 
continuation. In Fig. 3b we show N{E) obtained with and the param- 

eter values used to calculate Fig. 2. Clearly the ferromagnetic system is metallic 
since there is appreciable weight at the Fermi level {E = pi). Furthermore, the 
spectrum of the majority spins is seen to be affected only slightly by the interac- 
tion, the overall shape of the non-interacting DOS being almost unchanged (the 
magnetization is quite large (m = 0.56 at n = 0.66) and hence the electrons in 
the majority band are almost non-interacting). This implies that the arguments 
concerning the distribution of spectral weight in the non-interacting case and 
the corresponding kinetic energy are even applicable to the polarized, interact- 
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(a) (b) 

Fig. 4. (a) T vs. n phase diagram of the Hubbard model as obtained within DMFT; 
(b) corresponding shapes of the non-interacting DOS; Fermi energies for n = 0.3 are 
indicated by vertical lines [38]. 



ing case. The spectrum of the minority spins is slightly shifted to higher energies 
and has a pronounced peak around E — fi c::^U = 6. 

From Fig. 3b we find the exchange splitting A between the majority and 
minority bands to be A = 0.8. Comparing the quantity Um (= 3.4 in the 
present case) with A and Tc we find a characteristic hierarchy of energy scales: 

Um > ZA > Tc. (4) 



This is very different from results obtained by Stoner theory or effective one- 
particle theories like LDA where all three quantities are essentially equal. The 
generation of small energy scales is a genuine correlation effect. 

To study the influence of the distribution of spectral weight on the stability 
of ferromagnetism within the DMFT systematically, Wahle et al. [38] recently 
solved the DMFT equations with a tunable model DOS, 



N°{E) 



^ D + aE ’ 



( 5 ) 



with c = (l+\/l — o^)/{'kD) and half-band width D = 2. Here a is an asymmetry 
parameter which can be used to change the DOS continuously from a symmetric, 
Bethe lattice DOS (a = 0) to a DOS with a square-root divergence at the 
lower band edge (a = 1), corresponding to a fee lattice with t' = t /A in d = 3 
(Fig. 1). The strong dependence of the stability of metallic ferromagnetism on 
the distribution of spectral weight is shown in Fig. 4a. Already a minute increase 
in spectral weight near the band edge of the non-interacting DOS, obtained by 
changing a from 0.97 to 0.98 (see Fig. 4b) is enough to almost double the stability 
region of the ferromagnetic phase. Obermeier et al. [39] found ferromagnetism 
even on a hypercubic, i.e., bipartite, lattice, but only at very large U values 
{U > 30). 

The importance of genuine correlations for the stability of ferromagnetism is 
apparent from Fig. 5, where the DMFT results are compared with Hartree-Fock 
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Fig. 5. T vs. U phase diagram for a strongly peaked DOS (a = 0.98, see Fig. 4b) at 
n = 0.4 within DMFT (circles; dashed line is guide to the eyes only) in comparison 
with Hartree-Fock (solid line) [38]. 

theory [38]. The quantum fluctuations, absent in Hartree-Fock theory, are seen 
to reduce the stability regime of ferromagnetism drastically. Spatial fluctuations 
(e.g., spin waves), absent in the DMFT, may reduce the stability regime further. 



3.3 Additional Interactions 



In the one-band Hubbard model only the local interaction is retained. Thereby 
several interactions which naturally arise when the Coulomb interaction is ex- 
pressed in Wannier representation are neglected. Even in the limit of a single 
band and taking into account only NN contributions, fonr additional interactions 
appear [10,40,41,12]: 



^14^nd — X] VniTlj + X ^(4crS'a ^ h.C.)(n^,_^ + 

NN I- cr 

-2f (Si ■ Sj + ^runj) + e'(c|^cf + h.c.) . 



( 6 ) 



Here the first term corresponds to a density-density interaction, the second term 
to a density-dependent hopping, and the fourth term describes the hopping of 
doubly occupied sites. In particular, the third term (with F = F*/Z > 0) 

= (7) 

NN 



describes the direct ferromagnetic exchange between electrons on NN sites. It is 
this interaction which Heisenberg singled out in his original spin-model as the 
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Fig. 6. Bond-charge interaction X vs. U phase diagram for the generalized model 
H = Hiiuh + within the Gutzwiller approximation for the semi-elliptical Bethe 
DOS at n = 0.9 [44]. 



main source of ferromagnetism. It should be noted, however, that this interaction 
is present even when the electrons are free to move. The exchange interaction 
will be quite small, but nevertheless it favors ferromagnetic ordering in the most 
obvious way. Hirsch [41] argued that this term is the main driving force for 
metallic ferromagnetism in systems like iron, cobalt, and nickel. Indeed, one can 
show rigorously that a next-neighbor direct exchange interaction, if only chosen 
large enough, easily triggers the ferromagnetic instability [42,12,38]. Hence the 
NN exchange may well be important for systems on the verge of a ferromagnetic 
instability. 

Another term that can be of importance for the stabilization of ferromag- 
netism is the bond-charge interaction (X = X"" /\fZ) 



Hx 



X* 

71 



NNcr 



+ h.c. + rij^-cr)- 



(8) 



It effectively gives rise to correlated hopping, i.e., the hopping amplitude of an 
electron now depends on the presence of electrons of the opposite spin polariza- 
tion. The magnitude of X has been estimated to be of order 0.1-1 eV [10,40], 
and hence X may be comparable to the hopping t, although typically smaller 
than U. Hartree-Fock treatment of H = Hnuh + Hx shows that correlated 
hopping can lead to a spin-dependent band narrowing which may stabilize ferro- 
magnetism [43] . We note that in DMFT Hx does not reduce to its Hartree-Fock 
contribution. The correlation effects introduced by Hx were recently studied 
within the Gutzwiller approximation (GA) [44]. The GA yields the exact evalu- 
ation of expectation values in terms of the Gutzwiller wave function in the limit 
of d ^ oo [45,16] and goes beyond Hartree-Fock theory by including correlations 
explicitly. It was found that correlated hopping with X > 0 can lower the crit- 
ical value of U for ferromagnetism considerably as shown in Fig. 6. Gompared 
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to Hartree-Fock theory the ferromagnetic region of the phase diagram is seen 
to be much reduced. Recently it was also shown how to incorporate Hx into 
DMFT [46], at least in principle. It will be interesting to see how the GA results 
compare with future DMFT calculations for H = i^Hub + Hx- 

Clearly, NN interactions may help to stabilize ferromagnetism. However, since 
the considerably larger Hubbard interaction H, together with a suitable kinetic 
energy, is already sufficient to trigger a ferromagnetic instability, the ferromag- 
netic exchange and bond-charge interactions appear to play only a secondary 
role. 



4 Band Degeneracy and Local Exchange 

Besides the NN Heisenberg exchange interaction another much larger exchange 
term is present in ferromagnets like iron, cobalt, and nickel, namely the local 
exchange between electrons in different orbitals on the same lattice site. It has 
long been speculated that this exchange interaction, which is known to align 
electrons on isolated atoms (Hund’s first rule), may also lead to ferromagnetism 
in the bulk, being transmitted by the kinetic energy [47]. The simplest model 
for this mechanism is the two-band Hubbard model with local exchange Fq and 
Coulomb repulsion Vq between two orbitals z/ = 1,2 (Fig. 7): 

^2-band ~ ^ ^ 

+ ~ ^crcr'^o)^Ucr^z2'cr' ~ -G) Alcr^ilcr' ^i2cr' ^i2a ' (^) 

iaa' (T^a' 

This two-band model [48] and its multi-band generalizations [49] were studied in 
considerable detail by various theoretical techniques [50]. Recent investigations 
[51] were triggered by the renewed interest in the electronic properties of transi- 
tion metal oxides where the doubly degenerate eg bands of the d electrons plays 
a very important role. At quarter filling (one electron per site; n = 1), ferromag- 
netism can be understood by superexchange within strong-coupling perturbation 
theory (Fig. 8). But away from quarter (or half) filling, the model is much more 
difficult to treat. In this regime DMFT, solved by QMC, once more provides a 
powerful tool to investigate this model [52], at least, if the last term in (9), i.e., 
the spin- flip contribution of Fq, is neglected. 

The calculated T vs. n phase diagram is shown in Fig. 9 for a symmetric 
Bethe DOS. Without Hund’s rule coupling Fq ferromagnetism is unstable for 
this DOS, at least at moderate values of U (see Sec. 3.2 for the one-band model 
and [52] for the two-band model). However, when the Hund’s rule exchange 
is included a metallic ferromagnetic phase is stabilized between an alternating 
(staggered) orbital ordered state at quarter filling and antiferromagnetism at 
half filling. 

While orbital ordering at n = 1 and antiferromagnetism at n = 2 can be 
understood by superexchange, the mechanism for metallic ferromagnetism is 
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. = 1 ^ ^ 



u = 2 

AE= 0 



Fig. 7. Illustration of the local interactions (Hub- 
bard U and Hund’s rule couplings Vb, Fq defined in 
(9)) between electrons in a two-band model. 



^ ^ — 

-2t^/U -2e/Vo -2ty(Vo-Fo) 



Fig. 8. Energy gain in second-order perturbation theory in t for four configurations 
with two electrons on two sites. Most favorable is ferromagnetism combined with 
an alternating occupation of orbitals. Note, that the true ground state is not the 
last conhguration above, i.e., c|=ij^=i^C 22 ^| 0 }, but the corresponding orbital singlet 



more subtle. Of course, the virtual superexchange processes described above 
are still present. But the additional electrons doped to the n = 1 system may 
now move freely between two singly occupied sites, i.e., are unhindered by the 
Coulomb repulsion U or Vq- Furthermore, if the electrons on the two sites are 
spin aligned they do not even have to spend the exchange energy Fq. Therefore a 
ferromagnetic alignment of the spins improves the kinetic energy of the electrons. 
This is essentially the concept of double exchange introduced by Zener [53] to 
explain ferromagnetism in manganites such as Lai-^Ca^MnOs, and put on a 
firmer theoretical fundament by Anderson and Hasegawa [54]. 

In manganites, the cubic crystal field splits the five Mn d orbitals into three 
t 2 g and two Cg orbitals. The former have a lower energy and hybridize less 
strongly with the O p orbitals. Thus, the three electrons within the t 2 g or- 
bitals can be approximately described by a localized spin S^, with the remaining 
1—x electrons occupying the eg orbitals. If the Coulomb repulsion between eg 
electrons is taken into account one arrives at a correlated electron model for 
manganites: 

2 

H = i^^2-band - 2 J ^ ^ Sii, • Sii,. (10) 

iy=l i 

Here, i? 2 -band is defined in (9), Si^=\ denotes the eg spin 

(r: Pauli matrices), and J is the local exchange between t 2 g and eg electrons. 
Without Coulomb interaction (1/ = Vq = Fq = 0), the Hamiltonian (10) reduces 
to the ferromagnetic Kondo lattice model (KLM) which was investigated inten- 
sively in recent years [55]. This model forms the theoretical basis for the double 
exchange mechanism: at J ^ t, the optimization of the kinetic energy of the 
eg electrons requires a ferromagnetic environment of t 2 g spins. The KLM fails 
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Fig. 9. T vs. n phase diagram of the two-band Hubbard model including antiferro- 
magnetism (AF), ferromagnetism (FM), and orbital ordering (OO) for a Bethe DOS 
(total width W = 4), U = 6, Vb = 4, and Fo = 2 [52]. 




Fig. 10. Curie temperature Tc for the phase transition from the paramagnetic (PM) 
to the ferromagnetic (FM) phase as a function of Ca doping x {n = 1 — x). Dashed 
line: KLM with Bethe DOS (band width W = 2) and Hund’s rule coupling J = 3/2; 
squares: correlated electron model (10) which also takes into account the Coulomb 
interaction between Cg electrons {U = 8, Vb = 6, and Fb = 1); cross: Weiss mean-field 
theory (superexchange) for this model [56]. Note that, without the coupling to the t 2 g 
spin, no ferromagnetism is observed in Fig. 9 for n < 1 at similar interaction strengths. 



to describe the correct behavior for x < 0.5 since it does not penalize double 
occupations, i.e., two Cg electrons on the same site. The suppression of double oc- 
cupations induced by the Coulomb repulsions U and Vq was investigated within 
DMFT in [56], and was shown to lead to a crossover from double exchange to 
superexchange. This results in a maximum in the Curie temperature (Fig. 10) 
in qualitative agreement with experiment [57]. 
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5 Conclusion and Outlook 

In this paper we reviewed recent developments in our understanding of the ori- 
gin of metallic ferromagnetism in the one-band Hubbard model and in band- 
degenerate models on the basis of the dynamical mean-field theory (DMFT). 
In the one-band Hubbard model metallic ferromagnetism is found to exist in a 
surprisingly large region of the U vs. n phase diagram. A stabilization of this 
phase at intermediate U values requires a sufficiently large spectral weight near 
one of the band edges as is typical for frustrated (e.g., fcc-type) lattices which 
optimize the kinetic energy of the polarized state and, at the same time, frustrate 
the parasitic antiferromagnetic order. This finding, together with the results ob- 
tained for dimension d = 1 [32,15,14,19], finally establishes the stability of band 
ferromagnetism in the one-band Hubbard model on regular lattices and at inter- 
mediate values of the interaction U and density n. Thereby one of the prominent 
questions of many-body theory in this field is finally answered. 

By contrast, the origin of metallic ferromagnetism in the band-degenerate 
Hubbard model at intermediate U values is not primarily a spectral weight effect 
but is already caused by moderately strong Hund’s rule couplings . In this respect 
the origin of ferromagnetism in the orbitally degenerate model is more straight- 
forward than that in the (less realistic) one-band case. Nevertheless, in the ab- 
sence of orbital ordering the resulting magnetic phase diagrams are remarkably 
similar. The identification of a single main driving force for the stabilization 
of metallic ferromagnetism in the one-band and the band-degenerate Hubbard 
model, respectively, helps to differentiate between different mechanisms. How- 
ever, in real systems these effects will tend to conspire, as is evident, for example, 
in nickel where an fee lattice leads to a strongly asymmetric DOS and the band 
degeneracy brings with it Hund’s rule couplings. 

These insights also helped to understand the origin of itinerant ferromag- 
netism in more complicated models, e.g., the ferromagnetic Kondo lattice model 
with and without Coulomb correlations, which is employed to understand the 
physics of manganites with perovskite structure, like Lai_a,(Sr,Ca)a,Mn03. It 
was found that in this model double exchange can explain ferromagnetism only 
for doping x > 0.5. At lower values of x the suppression of double occupations 
by the local Coulomb repulsion becomes more and more important and leads to 
a crossover from double exchange to superexchange. This results in a maximum 
of the Curie temperature in qualitative agreement with experiment. 

As discussed in the Introduction the problem of metallic ferromagnetism was, 
until recently, investigated by two essentially separate communities - one using 
model Hamiltonians together with many-body techniques, the other employing 
density functional theory (DFT) in the local density approximation (LDA). In 
view of the individual power of LDA and the model Hamiltonian approach it 
is highly desirable to combine these techniques, thereby creating an enormous 
potential for all future ab initio investigations of real materials, including, e.g., 
/-electron systems, Mott insulators and metallic ferromagnets. A combination 
of these two approaches had already been used to investigate band ferromag- 
netism some time ago [58]. Recently, a fusion has started to emerge in new 
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directions. One is the construction of multi-band Gutzwiller wave functions in 
combination with spin-density functional theory in the limit of large coordina- 
tion numbers [20]. It was already successfully applied to ferromagnetic nickel, 
leading to significant improvements over LDA results. The other is the ab initio 
computational scheme LDA+DMFT [23] which was recently used to investigate 
transition metal oxides and to calculate the magnetic excitation spectrum of fer- 
romagnetic iron [22]. Without doubt these and related methods [59] will rapidly 
develop into standard tools for future investigations of band ferromagnetism and 
other electronic correlation phenomena. 
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Abstract. We investigate the possibility and stability of bandferromagnetism in the 
single-band Hubbard model. This model poses a highly non-trivial many-body prob- 
lem the general solution of which has not been found up to now. Approximations 
are still unavoidable. Starting from a simple two-pole ansatz for the spectral density 
our approach is systematically improved by focusing on the influence of quasiparticle 
damping and the correct weak- and strong coupling behaviour. The compatibility of 
the different aproximative steps with decisive moment sum rules is analysed and the 
importance of a spin-dependent band shift mediated by higher correlation functions 
is worked out. Results are presented in terms of temperature- and band occupation- 
dependent quasiparticle densities of states and band structures as well as spontaneous 
magnetisations, susceptibilities and Curie temperatures for varying electron densities 
and coupling strengths. Comparison is made to numerically essentially exact Quantum 
Monte Carlo calculations recently done by other authors using dynamical mean field 
theory for inhnite-dimensional lattices. The main conclusion will be that the Hubbard 
model provides a qualitatively correct description of bandferromagnetism if quasipar- 
ticle damping and selfconsistent spin-dependent bandshifts are properly taken into 
account. 

1 Introduction 

Ferromagnetism is bound to the existence of permanent magnetic moments. If 
these belong to itinerant electrons in a partially filled conduction band one speaks 
of bandferromagnetism [1]. Archetypical representatives are the classical 3d fer- 
romagnets Fe, Co, Ni. The microscopic interpretation of bandferromagnetism 
is one of the most interesting and most complicated many-particle problems in 
solid state physics. The simple but fairly successful “Stoner criterion” 

Uqo{Ef)>1 (1) 

(U: intraatomic Coulomb interaction, po- free Bloch-density of states (B-DOS), 
Ep: Fermi energy) defines as a minimum set of ingredients for a theoretical 
model to describe bandferromagnetism the Pauli-principle, the kinetic energy, 
the Coulomb interaction (strong and strongly screened), and the lattice struc- 
ture. This minimum set is realized in the Hubbard-Hamiltonian (2) for correlated 
electrons on a lattice in a non-degenerate energy band, 

H = ( 2 ) 

ij,a ia 

K. Baberschke, M. Donath, and W. Nolting (Eds.): LNP 580, pp. 208-225, 2001. 
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(/i: chemical potential). The Coulomb interaction is restricted to its intraatomic 
part only (n^cr = c^Qo-), while the kinetic energy contains the hopping inte- 
grals Tij being strongly related to the lattice structure. The Pauli principle is 
guaranteed by the formalism of second quantization, c^(qct) is the creation 
(annihilation) operator for an electron with spin t or | at lattice site Ri. 

The physics of the Hubbard-model is decisively determined by the Coulomb 
coupling U /W (W: Bloch-bandwidth) , the lattice structure and the band occu- 
pation n = ^ < Tier > (0 < n < 2; N: number of lattice sites). 

In spite of its simple structure the Hamiltonian (2) provokes a rather sophisti- 
cated many-body problem, that could be solved in the past only for a few special 
cases. In general approximations are unavoidable. So it was not fully clarified 
until recently whether or not ferromagnetism is possible in the Hubbard-model 
for finite U, finite temperatures T and band occupations away from half filling 
n=l. Nagaoka showed [2] for the special case U = oo and electron numbers 
A^e = ^ i 1 on an sc or bcc lattice and + 1 on an fee lattice, respec- 

tively, that the fully spin-polarized particle system represents the ground state. 
However, the (numerical) proof of finite-temperature ferromagnetism in an ex- 
tended parameter region was only recently given by Ulmke [3] for an infinite 
dimensional {d = oo) fcc-type lattice by use of Quantum Monte Carlo (QMC) 
calculations in connection with Dynamical Mean Field Theory (DMFT) [4,5]. On 
the other hand, the certainty that ferromagnetism exists in the Hubbard model 
does not at all mean that the phenomenon itself is understood. What is the phys- 
ical mechanism enforcing ferromagnetic spin order of itinerant electrons? This 
question can be answered, if at all, better by analytical approaches to the highly 
complicated electron correlation problem than by purely numerical evaluations. 
Starting from some basic features we shall construct in the following chapters 
three different theories for the Hubbard model to contribute to an answer of 
the above question. The theories are constructed in such a way that each differs 
from the preceding one by eliminating an obvious shortcoming. We start from a 
simple spectral density approach (SDA) which suggests itself by some rigorous 
strong coupling features. However, it suffers from a complete neglect of quasi- 
particle damping and a wrong weak-coupling behaviour. By use of a modified 
alloy analogy (MAA) the advantages of the SDA are retained but quasiparticle 
damping is included. Comparison of the SDA- and the MAA-results helps us 
to recognize the infiuence of quasiparticle damping on magnetic stability. The 
weak coupling behaviour, however, remains insufficient. From a modified per- 
turbation theory (MPT) which correctly reproduces the weak- as well as the 
strong-coupling limit, we learn by comparison with SDA and MAA how decisive 
the correct weak coupling (low energy) description is for a theoretical approach 
that aims at the strong-coupling phenomenon ferromagnetism. 

2 Hubbard Model Basic Features 

It is commonly accepted that ferromagnetism is a strong-coupling phenomenon. 
A theoretical approach should therefore be reliable first of all in the U ^ W 
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regime. Practically all information we are interested in can be derived from the 
retarded single-electron Green’s function [6] 



Gka{E) = {{ck<r;4j)E = + ) (3) 

0 



Cka = X] CiCT exp(-ifci2* 



••]+(-) means the anticommutator (commutator) and (..) the grandcanonical 
average, k is a wavevector from the first Brillouin zone. Of equivalent importance 
is the single-electron spectral density being directly related to the bare line shape 
of an angle- and spin-resolved (direct or inverse) photoemission experiment: 



Ska{E) 



lTTlGka{E + iO^) 

7T 



(5) 



According to the pioneering work of Harris and Lange [7] we know that in the 
strong coupling limit (E) is built up by two main peaks near Tq and Tq -\-U 
where Tq is the centre of gravity of the free Bloch band, and additional satellite 
peaks at Tq -\- pU {p = —1, —2, . . . ;p = 2, 3, . . .) (s. Fig.l). The spectral weights 
(oc peak area) of the satellites, however, decrease rapidly with increasing distance 
from the main peaks. Already the next neighbours {p = —1, +2) acquire only a 
weight of order (^)^ being therefore negligible in the strong-coupling regime. 
So we can assume ^OT U ^ W a two-peak structure of the spectral density. The 
exact shapes of the peaks are not known, but the centres of gravity are. 



Ti,(fc) = To + (1 - (n_,))(£(fc) - To) + {n^.)Bk-a + 0( — )" (6) 



w . 

T 2 .(fc) =To + U+ (n.^)(e(k) - To) + (1 - {n.^))Bk-. + 0{ — (7) 

as well as their spectral weights: 

W 

Otlaik) = (1 - {n-a)) + = 1 “ Ol 2 a{k) (8) 

At least formally the centres of gravity carry a spin-dependence which may give 
rise to an additional exchange splitting of the two main peaks as the fundamental 
precondition for ferromagnetism. In the following it is demonstrated that such 
a spin asymmetry is mainly due to the “band correction” Bk-a- 

Bk-a = B_(j + Ek-a (9) 

The local term H_cr (“band-shift”) can be interpreted as a correlated electron 
hopping: 

~ ^ "Ejj { — 1 )) 



(n_^)(l - {n-a))B. 



a 



( 10 ) 




Ferromagnetism in the Hubbard Model 



211 




Fig. 1. Single electron spectral density of the Hubbard model in the strong coupling 
regime {U ^ W) as function of energy. 



For U ^ W and less than half-filled bands double occupancies are very unlikely 
so that the second term in the bracket dominates. That means that the shift 
of the (7-spectrum is correlated with the negative kinetic energy of the (— cr)- 
electrons. For further evaluations it will turn out to be decisive that the band- 
shift B-cr can exactly be expressed by the single-electron spectral-density [8,9] 

(n_^)(l - {n_^))B_cr = 

1 2 

— ^(£(fe)-To) J ^dEf.{E){-{E-e{k))-l))Sk-AE-fi) (11) 

f-{E) = (exp/^(E' — /i) + 1)“^ is the Fermi function. obviously disappears 
in the zero-bandwidth limit(£(A^) — ^ T^Mk). 

The k-dependent part of the band correction (9) is built up by density- 
density, double hopping and spinfiip correlation terms 

(n_^)(l - {n-a))Fk-a = 

^ ^ Tij exp( \k(^Ri )) ( (j) 
bj 

+ {c+_^c+^Ci-^Ci^) + (c+^Cj-^c+_^Ci^)) ( 12 ) 

It vanishes in the zero-bandwidth limit and has no direct influence on the centres 
of gravity Ti^ 2 a of fhc quasiparticle subbands (Hubbard bands) that emerge from 
the two spectral density peaks (Fig. 1): 

Tia = — ^^^Ticr{k) = To + {n-(j)B-(j (13) 

k 

^2- = y T ^2<x(fc) = To + e + (1 - {n-,))B_, (14) 

k 

Fk-a may, however, lead to a spin-dependent bandwidth correction competing 
then with the other band narrowing terms in (6) and (7), respectively. The im- 
portance of Fk-a with respect to ferromagnetism shall be discussed in Sect. III. 
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Unfortunately, it cannot be expressed by the spectral density as the band shift 
B-(j by eq. (11). A determination of Ffc-cr therefore requires further approxima- 
tions. 

If has indeed such vital implications a theoretical approach should 

handle this term with special care. That can effectively be controlled by the 
spectral moments of the spectral density, 

CXD 

= l j ^EE'-^Ska(E) n = 0,l,2,3,... (15) 

— OO 

which can be calculated independently of Ska{E) via 

^^kJ = ([(i^^)”Cfca(0>4cr(^')] + )t=t' (16) 

In practice, however, the moments are useful only for low order n because with 
increasing n eq.(16) produces higher expectation values which are usually un- 
known and not expressible by the spectral density, either. The important band 



correction Bk-a{E) first appears in [8,9]- 

= 1 (17) 

= m + U{n-a) (18) 

M^kJ = + 2i{k)U{n-,) + U^{n-,) (19) 

+ Si\k)U{n^,) + e{k)U^{n^,){2 + (n_,)) (20) 

+t/^(n_o-) + J7^(n_o-)(l — {n-„)){Bk-cr E Tq — fi) 



(i{k) = s{k) — /i). A necessary condition for a theoretical approach to be con- 
sistent with the strong-coupling results (6), (7), (8) is that the first four moments 

(n) 

= 0, 1,2,3 are correctly reproduced. The condition becomes even suffi- 
cient when additionally the zero-bandwidth limit [10] is fullfilled. One can ele- 
gantly check the strong coupling consistency by use of the high-energy expansion 
of the single-electron Green’s function 



+ 00 

Gka{E)= j dE 



, Ska{E') 

E-E' 



— 

En+l 






n=0 



( 21 ) 



which can also be used in the Dyson equation. 



Gka{E) = &^\e) + Gf^{E)^Su.{E)Gka{E), 



(22) 



Gf{E)=h{E + ,,-e{k))-^ 



where 



(23) 
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is the [/ = 0 Green’s function, to yield a respective expansion for the selfenergy: 

oo ^(m) 

= E p-i) 

m=0 

The coefficients . . . , are simple functions of the mo- 

ments up to order m + 1: 

- {e{k) - ^) (25) 

( 26 ) 

- 2m£)m« + (M^)3 (27) 



For a given theoretical approach one can easily control whether or not the lead- 
ing term in the expansions (21) and (24), respectively, match with the rigorously 
calculated moments. However, even the opposite procedure may be useful, infer- 
ing approximately the overall energy dependence of the Green’s function and the 
selfenergy, respectively, from the first few exactly calculated terms. A proposal 
how this can be done is exemplified in the next Section. 

Rigorous statements are of course also possible in the weak coupling regime 
{U <C W). As mentioned in Sect. I it remains a challenging problem to find out 
how decisive weak coupling and low-energy properties are for a theoretical ap- 
proach to correctly describe the strong-coupling phenomenon “ferromagnetism” . 
In the “diagram-language” the Dyson equation (22) reads 



= . + . m 

GUE) = 0<°\e) + af\E)^EtAE)GUE) 

Using standard perturbation theory [6,11,12] one has to sum up for the selfen- 
ergy all dressed skeleton diagrams. A “skeleton diagram” is a selfenergy 

diagram that does not contain any selfenergy insertion in its propagators. If in 
addition the propagators are “full” Green’s functions then the skeleton 

is “dressed”. That means for the Hubbard model up to second order: 





a 




a 



a 
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Conventional diagram rules [6,11,12] yield as selfconsistent second order pertur- 
bation theory in^: 



Eka{E) = U{n_,) + U^Aka(E) + (28) 

The linear term is the Hartree-Fock (Stoner) part while the more complicated 
second order contribution is in general non-local, complex, and energy depen- 
dent: 

AkAE) = 

J J E + M-fi+£2-£3 + i0+ 

X (/-(^l)/-(— ^ 2 )/-(^ 3 ) + /-(— ^l)/-(^ 2 )/-(— ^ 3 )) (29) 

S is the full spectral density which has to be determined self-consistently. Several 
alternatives are thinkable which are correct and equivalent up to order U^. One 
of these is to replace the “full” spectral density in (29) by its Hartree-Fock 
version [13,14] 

= (30) 

To avoid an ambiguity we require that the Hartree-Fock particle densities are 
the same as those in the full calculation: 

(n.)(i) = M (31) 

that can be regulated by considering the chemical potential in (30) as a 
proper fit parameter. There are of course other possibilities to avoid the men- 
tioned ambiguity [15]. 

Several very important conclusions can be drawn from (28), e.g. for the low- 
energy behaviour of the selfenergy [16] at T = 0 (o:,/^, 7 , real), 

^ka{E) = aka + PkaE + + . . . (32) 

That means that the imaginary part of U disappears at the Fermi edge {E = 0) 
indicating quasiparticles with infinite lifetimes. At low but finite temperatures 
holds 

ImEkaiO) oc (T ^ 0) (33) 

(32) and (33) are necessary to guarantee the correct Fermi liquid behaviour. 

3 Analytical Approaches 

We can now use the basic features of the last section to construct and control 
three different analytical approaches. The main goal is to work out the essentials 
for ferromagnetism in the Hubbard model by a critical comparison of these 
theories. 
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3.1 Spin-Dependent Band Shift 

Having in mind the two-peak structure of the spectral density in the strong- 
coupling regime (Fig.l) we can construct a simple “spectral density approach” 
(SDA). If we initially assume that quasiparticle damping, responsible for the 
finite peak widths, does not play a dominant role for magnetic properties then 
the following two-pole ansatz appears to be plausible: 

2 

Sk^E) = hY,aj^{k)5{E + 11- Ej,{k)) (34) 

J = 1 



The quasiparticle energies Ejcr{k) and their spectral weigths ajcr{k) are easily 
fixed by equating the first four moments. The resulting selfenergy has a remark- 
able structure [8,9,17,18], in particular the important “band correction” Bj^-a 
is involved: 






EE fi- To 

E /J^ — To — 



Bk-a 



(35) 



According to (10) and (12) Bk-a vanishes in the zero-band-width limit {W — ^ 
0). E^^^{E) is then the exact W = 0 selfenergy [10,17]. Additionally the SDA 
fullfills by construction the first four moments so that the strong-coupling be- 
haviour must be correct according to (6)- (8). The first three terms of the high- 
energy expansion of E^^^{E) agree exactly with (25)- (27). 

We note in passing that the so-called “Hubbard-I approach” [10] leads to 
a selfenergy being identical to that of the W = 0 limit. It thus coincides with 
that of the SDA for Bk-a = 0- Comparing the results of SDA and Hubbard-I 
therefore helps to understand the implications due to Bk-a^ 

Two severe shortcomings of the SDA are also very obvious. The first is the 
neglect of quasiparticle damping by the delta-function ansatz (34) which leads 
to a real selfenergy E^^^(E). The second concerns the weak-coupling regime, 
which is surely violated by the strong-coupling theory SDA. It is not to expect 
that Fermi liquid behaviour is correctly described by the SDA. These two points 
shall be attacked and eliminated by the subsequent approaches. But let us first 
inspect what the SDA tells about bandferromagnetism in the Hubbard model. 

For a full SDA-solution we have to determine the “band correction” Bk-a{^)- 
The local part B-cr does not need a special treatment because of its direct con- 
nection (11) to the spectral density itself. The A;-dependent part Ek-a appears 
a bit more complicated. Assuming translational invariance and next neighbour 
hopping, only, the A^-dependence can be separated [17,18]: 



3 



(n_.)(l - (n_^))Ffe_^ = {eik)-To)J2F-l 


(36) 


- {n-a-f 


(37) 




(38) 


P-l = {c%Cj-aCt,Ci,) 


(39) 
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i,j are numbering next neighbours. The method used to determine the higher 
correlations shall be exemplified for F^l. First we rewrite F^l as 

I 

where the index A corresponds to the lattice vector which connects two neigh- 
bouring sites Ri and Rj. Because of translational invariance F_^ does not de- 
pend on the explicit value of A. We now introduce a “higher” spectral density 
S^^{E) as the (/c, FJ)- dependent Fourier transform of 

= ^{\{Cj-a4+A-a(^j+Aa){t),cl^{t')] + ) (41) 

The spectral theorem yields: 

oo 

= /^ E / (E)sj^I (E - m) (42) 

^ -OO 

According to the definition (41) the poles of must belong to the single- 

electron excitations of the Hubbard system. From the spectral representation 
of sj^^J (E) and by comparison with the respective representation of the single- 
electron spectral density Ska{E) again a two pole ansatz appears to be consis- 
tent, 

2 

Sk„{E) = n'^aja{k)S{E + n - Ejcr{k)) (43) 

1=1 

where the quasiparticle energies Ej(j{k) are the same as those in (34) so that the 
spectral weights are the only unknown parameters. They are fixed by the 
first two spectral moments of (E) leading via (42) then to an (approximate) 
expression for 

In an analogous manner the correlation terms E^]^ and E^^^ are determined 

by two-pole ansatzes of properly chosen “higher” spectral densities ^ [17]. 
We note in passing that the same procedure can of course also be applied to the 
term {rii(jcf_^Cj-(j) in fhe “band shift” B_cr (10) yielding then the exact result 
( 11 ). 

Fig. 2 demonstrates for an sc lattice that the just-described SDA allows for 
bandferromagnetism in the Hubbard model. The zeros of the inverse param- 
agnetic susceptibility x~^ ns a function of the band occupation n indicate in- 
stabilities of the paramagnetic state towards ferromagnetism (T = OiT). The 
instabilities appear as soon as U exceeds the critical value Uc ^ 4VF. It is a 
special feature of the SDA [17,19], maybe even of the Hubbard model itself, that 
there appear for U > Uc two ferromagnetic solutions, i.e. two zeros of The 
first solution sets in at nc >0.34 where the actual value only slightly depends on 
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Fig. 2. Inverse paramagnetic static susceptibility for the sc lattice as a function 
of the band occupation n for various values of U. (a) System with the full ^-dependent 
selfenergy, (b) System with a local selfenergy {Fk-a- = 0). The inset shows the magnetic 
moment as a function of n for U /W = 5. 



U running into saturation (m=n) for n > 0.68 (see inset Fig. 2). The second so- 
lution appears for higher band occupation, but does never reach saturation and 
is always less stable than the other solution. Two important aspects of the SDA 
solution in Fig. 2 should be stressed. The first concerns the comparison with the 
corresponding results of the Hubbard-I approach [10], which does not allow ferro- 
magnetism on the sc lattice. On the other hand, the Hubbard-I selfenergy differs 
from (35) “only” by neglecting the “band correction” Consequently, the 

stronger magnetic stability in the SDA must be due to Hfc_cr. The second remark 
aims at the non-locality (/c-dependence) of the electronic selfenergy provoked by 
the “bandwidth correction” (36) in Part (b) of Fig. 2 demonstrates 

its importance. Switching off this term leads to a dramatic further increase of 
the critical coupling ^ from 4 to 14. More detailed studies [19], however, show 
that the influence of Fj^-a on magnetic stability strongly depends on the lattice 
type. Increasing coordination number (sc — bcc — fee) drastically diminishes 
the importance of the non-locality leaving the local spin-dependent band shift 
H_cr as the pushing mechanism for ferromagnetic stability. 

It can be shown [17] that the SDA gives a qualitatively convincing picture of 
bandferromagnetism . The main message is that the spin-dependent “band-shift” 
H_cr and the lattice structure are the most important ingredients. However, we 
should not forget the disadvantages of the method. One of them is the neglect of 
quasiparticle damping, which is assumed to destabilize the collective spin order. 



3.2 Quasiparticle Damping 

More or less by construction the SDA selfenergy (35) is real except for a single 
^-peak in ImEk^{E + i0+) at the pole E = Tq F B^-cj + H(1 — (n_cr)) — /i. It 
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has, however, no influence since it falls into the Hubbard gap. The quasiparticles 
are stable. We are therefore looking for an approach that retains the obvious 
advantages of the SDA but improves it by a reasonable inclusion of quasiparticle 
lifetime effects. 

Starting point is an alloy-analogy for the Hubbard model which traces back 
to Hubbard himself [20] . The idea is to consider the propagation of a cr electron 
through the lattice with the —a electrons being “frozen” at their lattice sites 
and randomly distributed over the crystal. When the a electron enters a lattice 
site it can encounter two different situations. It can meet a — cr electron or not. 
That can be interpreted as a hopping through a fictitious binary alloy, the two 
constituents of which are characterized by atomic levels ^icr, E 2 a and by concen- 
trations xicr,X 2 cr- The “coherent potential approximation” (CPA) is a standard 
method to perform the configurational average over the alloy [21]. The resulting 
cr selfenergy obeys the following implicit equation [11], 

Q _ Epcr — Ecr{E) — Tq 

\G.{E){Ep, - E,{E) - To) 



Gcr{E) = is the local propagator. CPA is a single-site approxi- 

k 

mation, the resulting selfenergy therefore wave vector independent. To proceed 
one has to specify the two-component alloy. The natural way ( “conventional al- 
loy analogy” CAA) would be to use the zero-bandwidth results of the Hubbard 
model: Ei^- = To,£^ 2 cr = Tq + U^xi^ = 1 — (ri-cr) = 1 — ^ 2 cr- The resulting 
quasiparticle damping but excludes any spontaneous ferro- 
magnetism [22,23]. Does quasiparticle damping really kill any spontaneous mo- 
ment order? This is a serious question because it has been shown [24] that for 
infinite lattice dimensions CPA is an exact (!) treatment of the alloy problem. 
On the other hand, the CAA selfenergy disagrees with the strong as well as 
weak coupling behaviour (24), (28). This discrepancy can only be removed by 
the conclusion that the zero-bandwidth limit constitutes the wrong alloy analogy 

[25]. 

The fictitious binary alloy is indeed by no means predetermined. We consider 
^i, 2 cr and xi^ 2 cr at first as free parameters and fix them via the high-energy 
expansions (21) and (24), which we insert into the CPA equation (44). Then we 
expand eq. (44) with respect to powers of Comparing coefficients we can use 
the following set of equations to determine an “optimum alloy analogy” : 

2 2 

^ ^ ^p<j 1 ^ ^ ^p<j Tq) U — 

P=1 P=1 

2 

'^Xpa{Epcr - To)^ = U'^{n-a) 

p=l 
2 

Y,Xpa{Epa - Tof = - (n_,)) 

P=1 



( 45 ) 
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Deriving from these equations and Xpa- automatically guarantees the correct 
strong-coupling behaviour. One finds (p=l,2) (“modified alloy analogy” MAA). 






MAA 

pa 



— / jpSDA ( 
= y^pa ( 



^MAA 

^la 



B.,+To + Uil-{n.^))-Ef 



^MAA _ ^MAA 
~^2a ~^la 









(46) 


jaMAA 

_ -I MAA 

— -L ^2a 


(47) 



Xpa = Apa )e(k)=To = 9p(To, U, (n_^), 



Surprisingly, the energies and weights coincide exactly with the corresponding 
SDA entities if £{k) is simply replaced by Tq. Because of the single-site aspect of 
the CPA [21,11] the “band-correction” is restricted here to its local part 

5_cr, the decisive band shift. Inserting (46) and (47) into (44) yields the MAA 
selfenergy for all E which exhibits some remarkable features [25]: 

(1) As a CPA result the MAA includes quasiparticle damping ^ 0), 

and that without giving up the advantages of the SDA. 

(2) The expectation values (n_cr) and B_cr are to be determined selfconsistently. 
In principle, they take care for a carrier concentration-, temperature- and spin- 
dependence of the atomic data (46), (47) of the alloy constituents. Furthermore, 
and that is quite an important aspect, B_cr brings into play in a certain sense 
the itineracy of the —a electrons (“correlated” electron hopping), completely 
neglected in the CAA. 

(3) Strong-coupling and high-energy behaviour are correctly reproduced, more or 
less by construction. 

(4) The general CPA theory [21] comes for the so-called split-band regime (here, 
U ^ W) to the conclusion that the spectral density Sj^cr{E) should consist of 
two separated peaks with centres at 

= Ep^ + Xpcris{k) - To); p=l,2 (48) 

Inserting (46) and (47) ^OI U W yields exactly the Harris-Lange results 
(6-8), a further strong confirmation of the MAA. 

(5) Contrary to the CAA the MAA allows for spontaneous bandferromagnetism. 

For a typical example the possibilities of the MAA are demonstrated in Fig. 3, 
which shows Skcr{E) for strongly correlated electrons (^ = 5) on an fee lattice. 
For less than half- filled bands (n < 1) the system is paramagnetic. The band oc- 
cupation n=1.6 used in Fig. 3 allows for a spontaneous collective order provided 
U exceeds a critcal value. Two types of splitting occur. At first the spectral den- 
sity consists for each fc-vector of a high-energy and a low-energy peak separated 
by an energy of order U. The finite widths of the peaks are due to quasiparticle 
damping and obviously energy-, wave- vector-, spin- and temperature-dependent. 
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The spectral weight (area) of the low-energy peak scales with the probability that 
the propagating {k, cr)-electron in the more than half- filled band enters an empty 
lattice site, the weight of the upper peak that it meets anywhere a —a electron. 
This splitting is general and not at all bound to ferromagnetism. It demonstrates 
the correct strong-coupling behaviour (6,7). Ferromagnetism appears when the 
two spectral density peaks show a spin asymmetry. For the low temperature 
example T = lOOK (Fig. 3a) the system is close to saturation (m = 2 — n), 
i.e. the up-spin states are almost fully occupied. A down-spin electron cannot 
avoid to meet an up-spin electron at every lattice site being therefore forced to 
perform a Coulomb interaction. Consequently the low-energy peak of Ski(E) 
disappears. At higher temperatures (Fig. 3b) the peak reappears because of a 
partial demagnetisation, i.e. a finite density of holes in the up-spin spectrum. 
At low temperatures the high-energy peaks of Ski(E) are very sharp indicat- 
ing long-living quasiparticles. A ^-hole has no chance to meet an ^-hole to be 
scattered. 

An interesting A^-dependence of the exchange splitting is observed. At the 
branch-top (X-point) a “normal” splitting apppears, i.e. the down-spin peak is 
above the up-spin peak. At the bottom (F-point), however, the |-peak is higher 
in energy than the |-peak ( “inverse exchange splitting” ) . The quasiparticle dis- 
persions of the two spin-parts are crossing as a function of k. This behaviour 
is a result of two competing correlation effects. The one is the spin-dependent 
exchange shift of the centres of gravity of the quasiparticle subbands, the other 
a spin-dependent band narrowing. The latter may overcompensate the first. In 
any case the exchange splitting exhibits a strong wave-vector dependence, even 
with a sign change. 
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Fig. 3. Spectral density as a function of energy for an fee lattice calculated within the 
MAA, (a) T = lOOA, (b) T = 615A for different fc-vectors equidistant along the (001)- 
direction of the 1. Brillouin zone. Further parameters: n = 1.6, U = 20eF, W = 
4eV. The vertical line indicates the position of the chemical potential. 
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We can conclude that the MAA improves the SDA in a systematic manner 
by including quasiparticle damping. As will be discussed in Sect. 4, the main 
modification consists in a substantial destabilisation of ferromagnetism in the 
Hubbard model. One reason is the finite overlap of the spectral density peaks, 
in the SDA because of (34) excluded, which weakens the ferromagnetic solution 
of the selfconsistently evaluated model theory. 

The second shortcoming of the SDA, the incorrect weak-coupling behaviour, 
persists in the MAA. In the following we have to inspect its consequences for 
the strong-coupling phenomenon ferromagnetism. 



3.3 Weak-Coupling Behaviour 

Neither the SDA selfenergy (35) nor the MAA selfenergy does fulfill the weak- 
coupling expansion (28). We are now looking for an approach which interpolates 
reasonably between the strong- and weak-coupling regimes. It should extend the 
preceding approaches SDA and MAA by inclusion of weak coupling and Fermi 
liquid behaviour without giving up the convincing essentials from the SDA and 
MAA: spin-dependent band shift B_cr and quasiparticle damping. Following an 
idea of Kajueter and Kotliar [15] we start with a selfenergy ansatz [26], which 
we call the “modified pertubation theory” (MPT): 









akgU^Akcr{E) 

1 - hkaU^AkAE) 



(49) 



The second order contribution Akcr{E) is defined in eq. (29). We use in Aj^cr{E) 
for the spectral densities the Hartree-Fock version (30) with the selfconsistency 
condition (31). By construction the selfenergy (49) is correct in the weak-coupling 
regime up to order U^. In order to fulfill simultaneously the strong-coupling 
regime we expand (49) in powers of the inverse energy 1/E and compare this 
with the exact selfenergy expansion (24). The first two terms are automatically 
fulfilled, the third and the fourth fit the coefficients a^cr, [26]. For the results 
presented in the next section we have implemented the MPT (49) in a “dynamical 
mean field theory” (DMFT) procedure [26,27]. The main assumption is then 
a local selfenergy Ei^cr{E) E(j{E) , exact in infinite lattice dimensions [4]. 
Furthermore, we exploit the fact that the Hubbard problem can be mapped under 
such conditions on the single-impurity Anderson model (SIAM) (see contribution 
of D. Vollhardt ) as long as a special selfconsistency condition is fulfilled [26]. 
The idea of the MPT is then applied to the simpler SIAM problem. It can be 
shown, however, that the direct application of the MPT-concept to the Hubbard 
model gives almost the same results. 

The MPT fulfills a maximum number of limiting cases: The weak-coupling 
behaviour is correct up to f/^-terms, for all bandoccupations n Fermi liquid 
properties are recovered. The Luttinger theorem. 
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band filling n 

Fig. 4. Curie temperature as a function of band “filling” (hole concentration) for an 
fee-type d = oo-lattice (51). The points with error bars are the Quantum-Monte-Carlo 
results from ref. [3]. SDA, MAA and MPT are explained in the text. 

is fulfilled for all bandoccupations n, at least if not too far from half-filling 
(n = 1). For low temperatures a Kondo resonance appears at the chemical po- 
tential ji. The zero-bandwidth limit (W 0) comes out exact for all n as well 
as the strong-coupling behaviour gathered in eqs. (6)- (8). Eventually bandferro- 
magnetism is possible within the framework of MPT. According to the number 
of correctly reproduced limiting cases the MPT appears to be an optimum ap- 
proach to the many-body problem of the Hubbard model. 



4 Discussion 



Let us compare the analytical approaches presented in the preceding Section with 
respect to the most important magnetic key-quantity, the Curie temperature Tq . 
For comparison with the numerically essentially exact Quantum Monte Carlo 
results of Ulmke [3] we have evaluated the three theories for an fcc-d = oc type 
lattice described by the Bloch density of states: 



exp(- i(l - ^)) 



r(l-^) 



The energy unit is chosen to t* = t^2d{d — 1) = 1. The density of states (51) 
is strongly asymetric with a square root divergency at the upper edge. 

All the presented methods predict that ferromagnetism exists only for more 
than half-filled energy bands. In Fig. 4 bandfilling therefore means the hole- 
density and the DOS is that for holes following from (51) by t* ^ — t*. 

The role of the spin-dependent band shift H_cr (10) for the magnetic stabil- 
ity becomes evident by comparison of the three methods with their B-cr = 0 
counterparts. That is for SDA the Hubbard I-solution [10] which yields ferro- 
magnetism only for very asymmetric DOS. In the case of (51) there appears 
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Fig. 5. Left: Quasiparticle density of states as function of energy for the fee- type lattice 
(51). Solid lines for a =^5 dotted lines for <7 =]^. QMC results from [3]. Temperature 
T is chosen so that for all presented methods a magnetization m = 0.4 is found. 
Right: For the same parameters as in the left part the magnetisation m and the inverse 
paramagnetic susceptibility function of the reduced temperature TjTc- Bottom 

figure: QMC results, dashed fine for T/Tc <1:5= 1/2-Brillouin function. 



ferromagnetism in a strongly restricted region of very low hole densities. The 
band shift B_cr in the SDA obviously leads to a drastic enhancement of ferro- 
magnetic stability. The counterpart of MAA is the conventional alloy analogy 
(CAA) that does not allow for any n ferromagnetic order [22,23]. Finally, the 
MPT-counterpart, that neglects the bandshift, is the Kajueter-Kotliar approach 
[15]. It indeed exhibits ferromagnetism but with substantially lower Curie tem- 
peratures Tq. 

The influence of quasiparticle damping can best be judged by comparing the 
results of SDA and MAA. The inclusion of lifetime effects in MAA presses the 
Curie temperature to half the SDA-values. The ferromagnetic coupling strength 
is therefore substantially weakened by quasiparticle damping. The incorporation 
of the correct weak-coupling behaviour by MPT leads to a further Tc-reduction 
possibly because of the screening tendency with respect to the effective mag- 
netic moments manifesting itself in the appearance of a Kondo resonance. The 
MPT-results for Tc(n) are closest to the essentially exact numerical results of 
Ulmke [3] , which have been read off from the zeros of the inverse paramagnetic 
susceptibility. 

The similarities and the differences of the various methods come out by the 
quasiparticle density of states in Fig. 5a. All theories show the splitting into 
the two Hubbard bands and the additional exchange splitting which takes care 
for the spin asymmetry. As a consequence of the neglect of damping effects the 
DOS-structures are rather sharp in the SDA. They appear smoother in MAA. 
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The correct low-energy behaviour of the MPT leads to the best approach to the 
Q-DOS found by “Quantum Monte Carlo” (QMC)-evaluation of a “Dynamical 
Mean Field Theory”. Note that for a reasonable comparison of the Q-DOS we 
have chosen in Fig. 5a for the various theories temperatures which lead to the 
same magnetization m = 0.4. 

Fig. 5b demonstrates impressively the qualitative equivalence of the presented 
methods when we plot the spontaneous magnetization and the paramagnetic 
susceptibility as function of the reduced temperature T /Tq. There are indeed 
strong similarities. All magnetization curves are Brillouin function-like with full 
polarization at T = 0. The only exception is MPT, which shows up a slight 
deviation from saturation at T = 0. For the chosen parameter set all methods 
predict a second order transition at Tq. The paramagnetic susceptibility follows 
in all theories a ideal Curie- Weifi behaviour: y = C{T — 0)~^ . The paramagnetic 
Curie temperature O equals in any case the Curie temperature Tq and even the 
Curie constants C are all very similar: C =0.42 (SDA), 0.52 (MAA), 0.57 (MPT), 
0.47 (QMC). One important consequence of this striking qualitative equivalence 
and correctness of SDA, MAA and MPT compared to QMC is that even the 
rather simple SDA can be used to describe the magnetism of more complicated 
structures (films, surfaces, multilayer, real substances). 

We conclude that ferromagnetism does exist in the Hubbard model depending 
on lattice structure, band occupation. Coulomb coupling and temperature. By a 
critical comparison of three different analytical approaches we could demonstrate 
the essentials for ferromagnetic stability, in a positive sense the spin-dependent 
band shift which represents the correlated hopping of opposite spin elec- 

trons, and in a negative sense the finite lifetime of quasiparticles, which results in 
a drastic lowering of the ferromagnetic coupling strength. The correct inclusion 
of Fermi liquid properties eventually leads to the most convincing description of 
ferromagnetism in the Hubbard model. 
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Abstract. Doped manganites provide an interesting example of metallic ferromag- 
netism which occurs in a strongly correlated Cg band. We analyze the magnetic in- 
teractions in manganites and show that the superexchange promotes an antiferro- 
magnetic state accompanied by orbital ordering in the insulating LaMnOs, while 
double-exchange favors metallic ferromagnetism observed in doped Lai-^AccMnOs 
compounds. In contrast to the common spin-Hubbard model, we find that the orbital- 
Hubbard model with two orbital flavours, which describes a partly filled Cg band in a 
ferromagnetic phase, does not exhibit instabilities towards orbital ordering, but gives 
instead an orbital liquid state. This state explains the cubic symmetry of the spin waves 
observed in the ferromagnetic manganites, and the magnon stiffness constant which is 
proportional to the hole doping x and measures the electron correlations. 



1 Superexchange Interactions and Orbital Order 

The complex phase diagrams of doped manganites with many magnetic phases, 
some accompanied by orbital or charge ordering, have attracted a lot of atten- 
tion recently [1]. Although these compounds are known since about fifty years, 
the metal-insulator phase transition observed both under increasing doping x 
and with increasing temperature T, as well as the colossal magnetoresistance 
(CMR) phenomenon itself, are not yet fully understood. The undoped LaMnOs 
is a Mott insulator due to the strong on-site repulsion U, and thus the magnetic 
interactions are of superexchange (SE) type. As the Cg electrons occupy partly- 
filled degenerate Cg orbitals, it is necessary to consider the orbital degrees of 
freedom on an equal footing with the electron spins. This leads to effective spin- 
orbital models to describe the magnetic interactions and low-energy excitations 
[2,3,4]. Although the coupling between the Cg electrons of Mn^+ [d^{^ 2 g^g)] 
in LaMnOs might look similar to those between the eg holes of Cu^+ [^^(^ 2 ^^^)] 
ions in KCuFs [2], an important difference arises due to the local Hund’s rule 
coupling Jh between an Cg electron and the \ core, leading to SE 

interactions between large 5 = 2 spins of Mn^+ ions [5,6], in contrast to SE 
between small s = \ spins of Cu^+ ions. Thus in the cuprate case the quantum 
fluctuations are quite strong, and new quantum effects might occur which sta- 
bilize a spin liquid state instead of magnetic order [7]. In contrast, the situation 
in undoped manganites such as LaMnOa is more classical and spin order occurs 
more easily. 
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A very interesting physical situation is found in doped manganites, such as 
Lai-a^Sr^MnOs or Lai-a^Caa^MnOs, when the Cg electrons start to move, but the 
hopping elements depend on the orientation of the t^g spins by the well-known 
double-exchange (DE) mechanism [8]. This gives minimum kinetic energy for 
parallel spins, and thus favors a ferromagnetic (FM) phase. Indeed, FM phases, 
both insulating and metallic, have been observed in manganites at hnite doping. 
However, the present understanding of the DE interactions and the resulting 
FM state is highly unsatisfactory, as it is based on a model which describes the 
6g electrons as being in a nondegenerate band [9]. If this simplihcation is made, 
several properties of the real systems with degenerate Cg orbitals, such as in- 
coherence observed in the optical conductivity of doped materials [10], and the 
onset of the metallic state below the Curie temperature [11], cannot be correctly 
described. Moreover, two fundamental questions: (i) Why are the exchange con- 
stants observed in the FM metallic phase isotropic? and (ii) What kind of an 
orbital liquid (OL) state is realized in doped manganites? - are avoided. 

The manganites have a strong tendency towards orbital order. The struc- 
tural phase transition occurs in LaMnOa at = 750 K, well above the mag- 
netic transition at the Neel temperature T/v = 140 K to the anisotropic A-type 
antiferromagnetic (AF) order, with the FM (a, 5) planes staggered along the c 
axis. This A-AF phase is stabilized by the underlying orbital order. Thus, in the 
undoped material the orbitals order hrst and the spins follow. Although the ob- 
served alternating orbital order [12] might in principle originate from the purely 
electronic interactions of the SE type, it has been argued that it is primarily 
driven by the cooperative Jahn-Teller (JT) effect, taking the realistic parame- 
ters of LaMnOa [5,13]. This situation is different from the A-AF phase observed 
in KCuFs, in which the electronic interactions play a dominating role [14]. 

In the present paper we address the question of the orbital state in the FM 
manganites. The FM states observed in manganites at doping x ^ 0.3 are in 
most cases metallic [1], and have isotropic magnetic properties, with very similar 
stiffness constants D (175 ± 15) meVx in the magnon dispersion oc Dk^ 
[15]. However, models which combine SE interactions with the kinetic energy of 
a partially filled Cg band predict typically anisotropic FM states with orbital 
order (00) [16,17]. As we discuss below, such states result from a competition 
between the SE and the kinetic energy of the Cg electrons, if the on-site Coulomb 
repulsion is treated in the Hartree-Fock (HF) approximation, or if the problem 
is solved with additional approximations, for instance in a restricted space. 

We start with the undoped insulating compound LaMnOs which has to be 
understood before the full problem of DE interactions in doped materials is 
addressed. The on-site Coulomb interaction U ^ 7.3 eV [5] is the dominating 
effect which suppresses the charge fluctuations, and leads to an effective low- 
energy Hamiltonian, where spin and orbital degrees of freedom are interrelated. 
The SE interactions are obtained by starting from the d^it^gCg) Hund’s rule high- 
spin ground state of Mn^+ , and considering the virtual processes which lead 
to df excited states of Mn^+ ions. These involve either (^ 2 ^e^)^^(^ 2 ^) 

transitions by an Cg electron, or djd^ d\(t 2 gCg)d^j{t\geg) transitions by a 
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t 2 g electron. Such processes have to be analyzed carefully and the intermediate 
states projected on the (d^) eigenstates of Mn^+ (Mn^+) ions, yielding the 
SE Hamiltonian, Hj = Hj + Hj, between spins S = 2. 

Consider first the excitations due to Cg electrons, which involve the orbital 
degrees of freedom. If an Cg electron is transferred, either a high-spin state 
[S = 5/2), or one of the low-spin [S = 3/2) states, M_i, or M_ 2 , of Mn^+ is 
excited, with Mn^+ ending up in the state. The excitation energies depend 
on the three Racah parameters A, H, and C, but it is more convenient to use 
simplified formulae which involve only the Coulomb element 1/ = A + 2B + 5C 
and the Hund’s rule exchange Jh = + (7 [5]: e{^Ai) = U — 5Ji^, e{^Ai) = H, 

£:(^E) = H + I Ji^, s(^A 2 ) = U a Since hopping of an eg electron between 

two Mn^+ ions is a two-step process which goes via the oxygen orbitals, t oc 

A depends on the d-p hopping and on the charge-transfer gap A in the 
respective multiband model [18]. For such processes, with characteristic energy 
J = t^/f/ = 23 meV, which follows from realistic parameters of LaMnOs, one 
finds the SE (n^ is the number operator for eg electrons) [5]: 




Hopping occurs only between two directional orbitals |C) parallel to the con- 
sidered bond (ij), while hopping to/from the orbitals |^) perpendicular to the 
bond vanishes due to compensating orbital phases. Thus, the SE on the bond 
(ij) involves only either the pair of two different orbitals, \() and |^), or the pair 
of directional orbitals |C) occupied, as expressed by the projection operators: 

+ P^iP3i^ = 2-PiC^’K- (2) 

where ^ —r^ and Pj^ = \ are the respective local projection operators 

on orbital \() and |^) at site i. They are represented by the orbital operators 
associated with the three cubic axes {a = a, 6, or c). 



-(-erf ± V^af), 
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with SE constants (as estimated using the spectroscopic data [5,19]): Jt = 2.1 
meV, Jt = 4.6 meV, and Jt = 5.5 meV for the pairs of Mn^+-Mn^+, Mn^+- 
Mn^+, and Mn^+-Mn^+ ions, respectively, and is an iS' = 2 (S' = |) spin 
operator for a Mn^+ (Mn^+) ion with = 1 (n^ = 0) Cg electrons. 

The intersite JT interaction leads to purely orbital interactions [20] which 
favor orbital alternation, and one finds [5]: 

(^g> - 2yg) + ^g>) -E.Y. (5) 

(u) ^ 



where ~ 11 meV is determined from the experimental 

temperature of the structural phase transition = 750 K [5]. The tetragonal 
crystal-held splitting oc Ez acts as a magnetic held in the pseudospin space. 

The SE interaction due to Cg electrons (1) depends on the Hund’s rule cou- 
pling Jh/U and on the type of occupied orbitals. As in the (P model [7], the 
6g interactions are frustrated in the Jr/U 0 limit at = 0, but the t 2 g SE 
removes this degeneracy and stabilizes the G-type AF phase for small Jr/U^ 
while for the actual values of the interaction parameters the A-AF phase is sta- 
ble [Fig. 1(a)]. Due to the particular stability of the high-spin state of Mn^+ 
ions, the system is quite close to the EM insulating (FI) state, and one might 
expect that a transition to this state occurs under doping. 

In the weakly doped regime the holes are localized and form Mn'^^ lattice 
polarons with energy Ep. They interact with the surrounding Mn^+ ions by EM 
SE (X Jp = Kp/{1 -J Ep/2Jr)^ where Kp = P j2Ep stands for the effective charge 
interaction in which the polaronic energy is lost at both sites [19], 



iEpol — Ep ^ ^ (1 Tli) ^ ^ (1 'f^i) 

^ {ij) 



Kp + -Jp(S,^S,-3) 



Pj^rij. ( 6 ) 



Taking the Hamiltonian Kef / = Hj + Hj + Hjt + E7poU we determined the total 
exchange constants on the bonds within the EM (a, 6) planes J(a,6), and along 
the c axis Jc, assuming a random distribution of polarons over the lattice. In 
addition, we weighted the polaron energy Ep by the number of holes at the hrst 
neighbors of the polaron, X^^(l — '^j)/5, which suppresses partly the polaronic 
energy when doped holes are close to each other and block the corresponding 
lattice distortion. As a consequence of the EM contribution oc J^, the (average) 
AF interaction Jc is affected much stronger by doping than the EM J(a,6), and 
the order changes from A-AF to the FI state at x ~ 0.11, where x = 1— n and n = 
{rii) is the Cg electron density. The model gives the values J(a,b) = — 1T5 meV and 
Jc = 0.88 meV for LaMnOa [5], thus reproducing well the experimental values 
-0.83 and 0.58 meV, respectively. Furthermore, the observed doping dependence 
of J{a,h) and Jc in Lai-a^Ca^^MnOs [21] could also be reproduced, but only if a 
(close to) rigid 00 was assumed [Fig. 1(b)]. Instead, if the local 00 was modified 
to form orbital polarons around a doped hole [22] , the transition to the FI phase 
occurs already at x 0.047. This suggests that the lattice plays an important 
role in the manganites, and prevents the formation of orbital polarons. 
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Fig. 1. (a) Mean-field phase diagram of LaMnOs obtained using SE interactions Hj 
and Hj (dashed fines), and both SE and cooperative JT effect Hjt (full fines); the 
parameters of LaMnOs [19] are indicated by a dot. (b) Exchange interactions J(a,b) and 
Jc as functions of doping x for the states with OO (full fines), and for orbital polarons 
(dashed fines), compared with experimental data for Lai-^CaccMnOs (dots) [21]. 



2 Stoner Instability in the Orbital Model 



As described in the previous Section, the DE induces a transition to a FM 
metallic phase in doped manganites. This transition occurs typically around 
X 0.17, and its mechanism is one of the outstanding questions in the theory of 
the CMR phenomenon [1]. We will not consider it here, but instead investigate 
which orbital state might be realized in this phase. In particular the question 
whether the orbitals order or not is both of fundamental nature, and of great 
interest for the magnetic properties of the FM manganites. 

Therefore, we consider in this Section a generic model of electrons with po- 
larized spins, as in FM metallic manganites, which move within an eg band on a 
cubic lattice in the presence of local Coulomb repulsion U . Thus, we neglect the 
spin index of the fermion operators, and investigate a spinless orbital-Hubbard 
model with kinetic energy for a three-dimensional (3D) cubic lattice, 

Ht = (7) 

(U) 



where hopping occurs only between the orbitals |C) oriented along the bond (zj), 
as explained in Sec. 1. However, to describe the electron interactions it is more 
convenient to introduce a fixed orthogonal basis for the two orbital flavours of 
the eg electrons. In analogy to the spin case described by the standard single- 
band Hubbard model, they are usually labelled as x and z, thus taking the real 
eigenstates of the Pauli matrix, |x) and |z), as a basis. The kinetic energy (7) 
is then given as (with {ij) either within the (a, h) planes or along the c axis), 




E 



3cLc 



IX JX 










* E (8) 

(u)l|c 



The electrons interact by the local Coulomb interaction, Hu = 
and are thus prone to instabilities towards OO, similar to those towards mag- 
netic order in the standard Hubbard model, induced by the interaction between 
electrons with spins up and down. 
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Fig. 2. Density of states N(u) for: (a) FO \^x) (full line) and \^z) (long-dashed line) 
states (9), and for (|x) + \z))/{\x) — |z}) AO state (dashed line); (b) FO |^fo) (full 
line) and AO |^ao) (dashed line) states (18) with complex orbitals. 



The simplest possibility to avoid double occupancies and reduce the interac- 
tion energy oc U would be to polarize the system completely. Using the above 
basis, one has two fully polarized orbital [ferro orbital (FO)] states at n = 1: 

i^.)=ii4io), i^.>=ri4io). (9) 

i i 

They would correspond in the spin problem to two (equivalent) fully polarized 
FM states with opposite magnetization, obtained as the ground state for large 
U at all values of n in the HF approximation, and in a more restricted range of n 
when the problem is investigated by more sophisticated methods which include 
electron correlations by means of variational wave functions [23,24]. However, 
these variational studies were carried out for a square lattice only, and we are not 
aware of similar results for a cubic lattice which is of interest for the manganites. 

We investigate the FO states (9) first using a slave-fermion approach, where 
the electrons are represented by orbital bosons h\^ {a = x^z), and a slave- fermion 
(hole) operator /|, such that c\^ = b\^f^, with a local constraint, 

b\x hx + K + flfi = '^- ( 10 ) 

This approach is well suited to investigate the kinetic energy = {Ht) for 
the orbital ordered states [22]. At half filling, as no holes are present, it vanishes 
by construction (10). If the band is partly filled with n < 1, the states (9) must 
be modified to involve a coherent mixture of occupied and empty sites, and 
the kinetic energy is finite. In this case one has to choose the type of occupied 
orbitals |i/i), given in general by a linear combination of {|z), |x)} orbitals, and 
defined by a basis transformation with the same angle 6 at each site. 



_ / cos6> sin6*\ / \ 

V ) \ — sm0 cosO J J ' 



( 11 ) 



The states \0x) and \^z) are realized for 0 = tt/2 and = 0, respectively. The 
fermionic band is obtained by averaging over the boson operators, and one finds 
a dispersion which depends on the orbital order. 



= t[2 — cos(26>)]7+(k) + \/3t sin(26>)7_(k) + t[l + cos(2^)]7^(k), (12) 
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with 7 ±(k) = ^(cosA:^; ± cos/c^), and 7 z(k) = cos kz. One can now investigate 
the energy as a function of the angle 0. At low doping x the kinetic energy 
is only weakly dependent on 6 as the band has the full width of 6 t, with the 
minimum of at a; = — 3t, independent of the value of 0. It is an important 

feature of all FO states that the cubic symmetry is broken and the properties 
of the system are highly anisotropic. This follows from the effective reduction 
of the dimensionality, exemplihed by the two-dimensional (2D) state and 
the quasi-one-dimensional \^z) state. The corresponding densities of states N{uo) 
have therefore appreciable spectral weights close to the band edges [Fig. 2(a)]. 

As a characteristic consequence of the 00, lattice distortions are induced due 
to the coupling to the lattice. We have shown in Sec. 1 that the JT interaction 
together with the SE interactions induce orbital alternation within the (a, h) 
planes, with angle alternating between and —6^ and such alternating orbital 
(AO) order competes with the polarized FO states described above. The kinetic 
energy in the AO states follows from the fermionic band determined in a similar 
way, 

= ^[2 cos(26>) - l] 7 +(k) + t[l + cos( 26 >)] 72 (k). (13) 

In contrast to the FO case, the width of this band depends on the angle 0, and 
amounts to 4t for the alternating (\x) \z)) / (\x) — \z)) orbitals found at ^ = tt/4 

[Fig. 2(a)], the angle favored at n = 1 by the cooperative JT effect. Therefore, 
the kinetic energy is in general worse in the AO than in the FO states. 

A more general approach to investigate the kinetic energy in a partly filled 
6g band is to introduce the complex orbitals which are the eigenstates of the 
Pauli matrix with eigenvalues A± = ±1, 









ici 



(14) 



Using these as a basis gives the kinetic energy Ht a more symmetric form. 



H=--y. 

^ (»i> 









4+c^_ + 












(15) 

Here the phase factors Xq, depend on the bond direction: Xa = ±27 t/ 3 for a = 
a^bj and x« = 0 for o: = c. The representation (15) displays manifestly the 
difference between the spin case and the orbital case, and in fact allowed us 
to introduce a parameter 7 to treat a more general case which interpolates 
between the spin-Hubbard model (7 = 0) and the Cg band orbital-Hubbard 
model (7 = 1). Due to the terms oc c\^Cj^ the pseudospin quantum number is 
not conserved, and qualitatively one expects the kinetic energy to decrease with 
increasing 7 ^ 1 . 

The coherent orbital state at site I may be now written in the general form. 



\ni) = cos(^i/ 2 )e-*®' \l+) + sin(^/>(/ 2 )e+*''' \l-). (16) 



It determines the values of the SE (1) and JT (5) interactions, described by: 



(erf) = -sin 'i/’;sin(26»z), (erf) = - sin ■0; cos(26>;). (17) 
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Hence, one finds that (erf) = (erf) = 0, if either = 0 or = tt. This choice 
corresponds to either |/+) or |/— ) local states, respectively. Therefore, FO or AO 
states built from complex orbitals. 



i^Fo) = i^ao) = lit II 

i ieA jeB 

where A and B are two interpenetrating sublattices, will manifestly retain cubic 
symmetry and will cause no lattice distortion. Such states have been proposed 
as weak-coupling instabilities of the Cg band by Khomskii [25] (FO state) and 
by Takahashi and Shiba (AO state) [26]. The kinetic energy in these states, 

4° =t[27+(k)+7.(k)], (19) 

4° = ±t[(7+(k) - 72(k))2 3^2 (-20) 

is cubic symmetric and thus the physical properties are expected to be isotropic. 
In the case of the FO state, it has the same minimum = —3t as found before 
for the \^x) and \^z) states. However, the density of states (DOS) N(uj) is just 
the same as for a tight-binding problem in a simple cubic lattice, with hopping 
amplitude [Fig. 2(b)]. Therefore, |^fo) is unstable against \^x) and \0z) cii 
all doping concentrations x. We note also that, in contrast to the corresponding 
spin model, the orbital polarized state |^fo) 'Is not an eigenstate of Hf. 

The two-sublattice state |^ao) has also an isotropic band structure (20), but 
has bandwidth 4t, the same as the (\x) + \z))/{\x) — \z)) AO state. Surprisingly, 
this state has a DOS with distinct maxima close to the band edges [Fig. 2(b)], 
and could thus be stable near quarter Filing [26]. This band mechanism is differ- 
ent from the spin model, where AF states follow either from the Fermi surface 
instability at weak coupling, or from the SE at large U . 

As expected, the orbital model (15) gives symmetry-broken ground states 
at finite U when the HF approximation, Uni^Ui- /7((n^+)n^_ + n^+(n^_)), 
is used [26]. At 7 = 0 (spin model) one recovers the usual Stoner criterion 
UcN{Ef) = 1 for the magnetic order, where Ep is the Fermi energy, with 
Uc — 3. At in a broad range of 0.42 < n < 1.58. The saturated FM state is 
obtained at a somewhat higher value of U ; for instance at n = 1 it is found 
at 1/ > A.9t [see Fig. 3(a)]. The Stoner instability disappears close to the band 
edges (at |n — 1 | ^ 1 ) due to the low values of and is then replaced by 

a hrst order transition to the saturated FM states at U 12t. In contrast, at 
7^0 the FO states appear not as a Fermi surface instability, but as a global 
property of the band, and the band structure changes. This instability occurs 
more easily near n = 1, and is not related to the DOS at the Fermi energy 
N{Ef) [Fig. 3(b)]. The FO states at 7 = 1 are similar to the AF states in the 
7 = 0 spin-Hubbard model at large f/, with fully polarized FO states found only 
in the limit U = 00 . At hnite but large f/, the orbital moments are reduced in 
lowest order by terms oc (yt/f/)^. This shows that indeed the orbital model (15) 
with 7 7 ^ 0 is qualitatively different from the spin problem at 7 = 0 . 

Nagaoka has shown that FM states are realized for a single hole/electron in 
a half-hlled band, described by the Hubbard model at = 00 [27]. Indeed, also 




234 Andrzej M. Oles and Louis Felix Feiner 




Fig. 3. Instabilities towards weakly polarized states (full lines) in the orbital model 
(15) for: (a) 7 = 0, and (b) 7 = 1 . Fully polarized states occur above the long-dashed 
line in case (a). The dashed line in (b) shows the Stoner condition given by 



for a square filled by = 3 electrons, the Nagaoka theorem is fulfilled, and a 
ground state with high spin 5=1, and energy E\j = —t [assuming the hopping 
of — and 7 = 0 in Eq. (15)], is found. In contrast, the eigenstates of the orbital 
model at 7 > 0 cannot be classified by a pseudospin quantum number, and the 
Nagaoka theorem does not apply. The ground state energy Eu = — (1 + 7 )t [28] 
decreases with increasing 7 , and is lower by a factor of two for eg orbitals at 
7 = 1 , when full advantage of all hopping terms is taken and the orbitals are 
disordered. This demonstrates a generic tendency towards an orbital liquid state 
promoted in the correlated eg band by the orbital mixing terms oc 

The above result for the square suggests that the FO state |^fo) (18) 
also be difficult to realize in the thermodynamic limit. The stability of this state 
can only be investigated reliably if the correlation energy in the unpolarized (or- 
bital liquid) state is calculated with a comparable accuracy as the kinetic energy 
of the fully polarized states, where the electron interactions give no contribution. 
This problem is known to be notoriously difficult in itinerant ferromagnetism 
[29] , but fortunately variational treatment similar to that in the Hubbard model 
[24] is possible. We will consider the U ^ 00 limit which is the only case where 
the fully polarized FO states might be realized at all, as we learned from the 
above HF study. This limit is also consistent with the t-J model introduced for 
the manganites [19,30], and studied in the following Section. At /7 ^ 00 the 
correlated space may be formally described by including slave bosons {5^^, h\_} 
for the complex orbitals, and a slave boson e\ for an empty site, with the basis 
defined by: 

^\±fi±\vac) = c\^\vac) = |±), e\\vac) = | 0 ). ( 21 ) 

The physical space is defined by the local constraint + b\_b^_ E e\e^ = 1, 

and the condition that the numbers of respective bosons and fermions are equal: 
^\±^i± ~ These conditions have to be included with the help of Lagrange 

multipliers when the kinetic energy Fkin is minimized. 

The Hamiltonian (15) may now be written following Kotliar and Rucken- 
stein (KR) who introduced this approach for the Hubbard model [31]. A tran- 
sition of an electron along a bond {ij) is accompanied by the respective change 
in the slave boson configuration. Therefore, the effective Hamiltonian in this 
limit operates in the restricted space without double occupancies, and contains 
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new operator expressions ^ {+ 7 “}) which multiply the fermionic 

expressions; for instance, the hopping between |+) orbitals is represented by 
4+S-+ = where the bosonic factors z\j^ and z\_ are selected to 

satisfy the limit of the uncorrelated band [31]. We have verified that this formu- 
lation fulfills U(l) symmetry, in contrast to a similar formalism which might be 
proposed for real orbitals {|x), |z)} [30]. 

As an example we consider explicitly an FO state, while a similar analysis can 
also be performed for an AO state. In the mean-field (MF) approximation one 

finds the renormalization Gutzwiller factors = {zi±) = x/[l — 
for the individual hopping processes, and the effective Hamiltonian, 

= ~IJ2 [i+flfn + 9-flfj- + A/,-- + A/,+)' 

(ij) 

- - X'^{rii+ - Ui-). ( 22 ) 

i i 

After minimizing the kinetic energy one finds that for 7 = 1 the 

minimum corresponds to an OL state with equal densities of fermions of each 
fiavour, (n^+) = (n^_) = ^(1 — x), and the same renormalization factor q{x) = 
qi±{x) = 2x/(l + x) for both complex orbitals. This OL state is qualitatively 
different from the statistical average over regions of polarized states proposed 
earlier by Nagaosa et al. [32]. The bands in this correlated disordered state, 

e±(k) = -tq{x) { 27 +(k) + 7 ,(k) ± [( 7 +(k) - 7 .(k))^ + 377k)]'/"} , (23) 

are isotropic and interpolate correctly between the limit of empty band (x ^ 1 ), 
where the electron correlations disappear, and the half-filled band (x ^ 0 ), where 
the electrons localize in a Mott insulator. The above band structure represents 
a superposition of two different channels: diagonal hopping cx fj±fj±, which 
determines the dispersion in the FO states (19), and off-diagonal hopping oc 
responsible for the dispersion in the AO states ( 20 ). 

The FO states considered before in the slave- fermion approach, \^x)^ 
and I^Fo), can also be obtained within the present KR slave-boson formalism by 
an appropriate choice of the Lagrange multipliers. For instance, the |^fo) state 
(18) is obtained by choosing // + A = 0 and /a — X ^ oo in Eq. ( 22 ). In this way 
one finds results equivalent to those discussed above, which demonstrates that a 
single slave-fermion approach represents accurately the 00 states. Comparing 
for 7 = 0 the energy of the FM state with the spin liquid we have found that 
the polarized states are stable close to half filling, 0.67 < n < 1.33. Thus, 
the range of stability of ferromagnetism in the Hubbard model on a 3D cubic 
lattice is much restricted, and large corrections occur to the results obtained in 
HF approximation (Fig. 3). It is believed that the present method gives results 
close to rigorous answers, as for a 2 D Hubbard model at [/ = oc it predicts 
that the FM state is unstable for x > 0.33 [24], which is indeed very close to 
X > 0.29, given by a more sophisticated variational wave function [23]. It is thus 




236 Andrzej M. Oles and Louis Felix Feiner 
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Fig. 4. Phase diagram of the orbital model (15) at [/ = oc - the FO state (FO) is 
more stable than the orbital liquid state (OL) in a range ric < n < 2 — ric- 





0.0 0.2 0.4 0.6 0.8 1.0 
n 



Fig. 5. Kinetic energy in the orbital model (15) as obtained for the FO state (long- 
dashed lines) and for OL states (full lines) for: (a) 7 = 0, and (b) 7 = 1. The AO states 
are shown by pluses for: (a) 7 = 0.5, and (b) 7=1, while the OL state for 7 = 0.5 is 
shown in (a) by the dashed line. 



very interesting to observe, that the range of stability of FO states shrinks with 
increasing 7 (Fig. 4), and FO order is unstable for all values of n, if 7 > 0.92. 

The suppression of FO states by increasing orbital mixing terms oc 7 is easy 
to understand by investigating the kinetic energy of the correlated states. In the 
spin model (7 = 0) the kinetic energies of the FM and paramagnetic states are 
very close to each other [Fig. 5(a)]. While the energy of the polarized FO states 
does not change when 7 is increased, energy is gained in the OL states with 
increasing 7 , similar to the case of three electrons moving on a square discussed 
above. In the case of Cg orbitals (7 = 1 ) the extra energy gain is close to 50% of 
the energy found in the spin case (Fig. 5), and thus the OL state is more stable. 
The kinetic energy of the AO states is also lowered with increasing 7 , but at 
7 = I is finally in the same range as that of the FO states, not quite enough to 
stabilize the AO states either. We have also checked that other states such as 
1^^), l^z), or the disordered state with real orbitals occupied ['0 = tt/ 2 in Eq. 
(16)], are unstable. Therefore, we conclude that the OL state is the ground state 
of the orbit al-Hubbard model in the entire range of U and n. 

3 Double Exchange in the Correlated Cg Band 

The total energy in the doped manganites is described by the manganite t-J 
model, where the SE interactions Hj and Hj involve either spins S = 2 or 
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5 = |, as explained in Sec. 1, and the hopping Ht which occurs in the correlated 
Cg orbitals. Adopting again the MF slave-boson approach, the energy follows 
from the t-J Hamiltonian, 



Uu = + Hjt. 



(24) 



As explained, the kinetic energy alone favors the OL state in the 

doped manganites [Fig. 6(a)]. It is expected that this term wins if the doping is 
high enough, and this explains why the doped manganites are FM. The advan- 
tage of the OL state and also of polarized FO and AO states built from complex 
orbitals (18) is that the electrons do not couple to the lattice as (erf) = (af ) = 0 
[see Eq. (17)], and thus (FTjt) = 0- Therefore, such states give isotropic magnetic 
properties, as observed in FM metallic manganites [15]. 

It is important to realize that the SE and JT terms favor instead 00 with 
alternating orbitals at small doping, and thus a competition between the 00 and 
OL states occurs. In order to gain also the energy from the lattice distortions, 
the respective 00 states are built by real orbitals {'ijji = tt/2). By contrast, the 
real FO states such as or \^z) are unfavorable for the JT interactions, as 
the energy increases when the orbitals are uniformly polarized. Therefore, the 
ground state exhibits AO order at low x. For the realistic parameters we have 
found that two polaronic phases are stable: the A-AF phase for x < 0.11, and 
the FI phase in the intermediate regime of 0.11 < x < 0.15, while the ground 
state changes abruptly to a metallic FM phase with disordered orbitals around 
X > 0.15 [Fig. 6(b)]. 

The correlated hopping in the Sg band (15) is responsible for the DE interac- 
tions. They may be derived using the first order terms in Schwinger bosons a\^. 
First, the kinetic energy Ht has to be written for both spins, using the decomposi- 
tion of electron operators into Schwinger bosons, orbital bosons, and fermion op- 
erators: c\^ ^ This allows to separate the charge and orbital dy- 

namics from the spin dynamics, and to expand the Schwinger boson terms around 
the t-spin FM ground state. The physical space is defined by the constraint 

a\^oiia- + ^ 1^2 = with /S' = 2, which gives — a\^a^^/2S and 

leads then to 









-2S- 






+ Via 






(25) 



with 25 = 4 — X standing for the average number of Schwinger bosons in the 
doped system. After inserting Eq. (25) into the hopping Hamiltonian Hf, one 
finds from the zeroth order term oc 25 the kinetic energy Ekin considered 
above, while the hrst order term gives the magnon excitations, with the energies 
(jq = 2 Jde* 5[ 3 — 2y+(q) — 7^(q) ], with Jde = /2zS^ , and z = 6. Thus, 

the DE contribution to the magnon bandwidth VFde = 2Jde^>§ = {Ht^^)/S 
vanishes in the x ^ 0 limit, and increases with increasing x [Fig. 7(a)]. The 
increase of W was observed experimentally in doped manganites [15,33]. We 
emphasize that this result is reproduced only when the theory includes the local 
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X X 

Fig. 6. Energy gain for various phases with respect to the FO state with complex 
orbitals (18) versus hole doping x: (a) kinetic energy and (b) total energy 

AEtot/L Here |^cc), \^z) (9), AO state with complex orbitals (18), and OL state, are 
shown by dashed lines, long-dashed lines, pluses, and full lines, respectively. The AO 
states with A-AF (circles) and FI (diamonds) order [part (b)] are more stable than the 
OL state at low doping x; two phase transitions are indicated by vertical dotted lines. 



correlations between eg electrons, while the opposite and incorrect result with 
the strongest FM DE interactions at x = 0 [34] follows from electronic structure 
calculations that ignore local electron correlations altogether. 

The magnon width W which follows from the manganite t-J model contains 
also SE contributions. The situation is here different than when the ground state 
energy is studied, which contains only the energy contribution from the excita- 
tions of high-spin ^Ai states. Using again an expansion in terms of Schwinger 
bosons around the EM state, both FM and AF terms in the SE Hamiltonian, 
Hj and contribute to the magnon dispersion. The t 2 g SE gives a large 
AE term which reduces the magnon dispersion obtained from the DE mecha- 
nism. Further terms follow from the eg SE interactions: the interactions between 
the Mn^+-Mn^+ pairs described by Hj (1), and the AF interactions between 
the Mn^+-Mn4+ pairs, which arise in addition due to excitations to the low- 
spin states when the system is doped, oc ^Je(l — ni)rij {Si • Sj — 3)Pj^, 
with Je = 22.7 meV. As the orbital operators are isotropic in the OL state, 
with i'P^ij^) = {'^{ij}) — ^5 contribution evaluated from Hj is isotropic 

and weakly AF, taking the realistic parameters [5]. The second contribution 
(X Je term is larger and is mainly responsible for the additional reduction of 
W = FFde + shown in Fig. 7(a). 

The total magnon dispersion is thus isotropic and determined by a combi- 
nation of DE and SE terms, Jeff = Jde + Jse, with Jse < 0. The DE term 
dominates and the magnon width W increases with x in the FM metallic phase 
and almost saturates close to x = 0.5. The calculated values lie somewhat below 
the experimental points, but reproduce well the observed increase of W [33] with 
increasing x in the FM metallic regime of x > 0.15 [Fig. 7(a)]. At small doping 
X < 0.15 we show instead W obtained for two polaronic phases: A-AF and FI. 
The magnon width decreases somewhat with increasing x within the A-AF phase 
which agrees qualitatively with the observed decrease of the Neel temperature 
under doping in Lai-^^Caa^MnOs [21]. As seen in Fig. 7(b), the magnon disper- 
sion found at X = 0.3, with Jq^S = 7.10 meV, is isotropic and reproduces well 
the experimental points for Lao.rPbo.sMnOs, and the experimental exchange 
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X 

Fig. 7. Magnons as obtained in the FM metallic OL state. Part (a) shows the total 
width W of the magnon band as a function of hole doping x (full line), its DE part 
(dashed line), and DE together with SE contribution due to t 2 g electrons only (long- 
dashed line); experimental points correspond to: Lai_a:Sra;Mn 03 [33] (diamonds) and 
Lao.rPbo.sMnOs [35] (filled circle). The result found with a two-sublattice |c+}/|c— ) 
AO state is shown by pluses. Part (b) shows the magnon dispersion at x = 0.30 (full 
fine) and the experimental points for Lao.rPbo.sMnOa (circles and dashed line) [35]. 

constant Jexp§ = 8.79 meV deduced by Perring et al. [35]. This agreement is 
very encouraging indeed as no fit was used, and all the parameters were obtained 
from the spectroscopic data. Note that the FO (or \^z)) states, obtained 
instead in the slave-fermion approach, require a statistical average over the three 
cubic axes, and give too small values of JqhS — 4.0 meV [36]. 

4 Summary and Conclusions 

In conclusion, we have demonstrated a generic competition between orbital order 
and orbital liquid states in doped manganites. The SE interactions dominate at 
low doping and explain well the anisotropic A-AF state observed in LaMnOs. 
We have verified that the derived SE interactions (1) and (4) reproduce rather 
well the experimental Neel temperatures T/y of 136, 122, and 110 K for LaMnOs, 
Lao.92Cao.o8Mn03, and CaMnOs, respectively, as they give the values 106, 95, 
and 124 K, using mean- field theory and the appropriate reduction due to quan- 
tum fluctuations. 

The orbital model which describes the correlated Cg band is qualitatively 
different from the spin problem, and the instabilities towards orbital order are 
suppressed by the structure of the hopping. Therefore, an orbital liquid state 
is stabilized in FM manganites which provides a natural explanation of their 
isotropic magnetic properties. The electron correlations play a crucial role in 
this phase and are directly measurable by the magnon dispersion (or stiffness) 
which is proportional to the doping x, and thus to the Gutzwiller factor q(x) 
representing the correlation effect. 
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Abstract. Theoretical work on thin film and bulk magnetism is reported. The calcu- 
lation of spin and orbital moments are demonstrated to reproduce experiment within 
a few percent, whereas the magneto crystalline anisotropy (MAE) and magneto stric- 
tion coefficients are hard to reproduce with similar accuracy. The correct easy axis is, 
with a few exceptions, always reproduced by first principles theory, and the size of the 
MAE and the related magnetostriction is always of the correct order of magnitude. 
However, examples are given when the size of the MAE and magneto strict ion differ 
from experiment with a factor 2-3, suggesting a need for improved density functionals. 



1 Introduction 

The magnetic moment of a material, whether it is ferro, ferri, or anti ferro- 
magnetically coupled to its neighbors, is composed of a spin, S^, and an orbital 
moment, L^. In order for an orbital moment to develop one needs to consider 
relativistic effects in parallel to the exchange splitting, and this may be done 
by solving the spin polarized Dirac equation or by diagonalizing a Hamiltonian 
that includes the relevant relativistic effects, most notably the spin-orbit cou- 
pling, using products of scalar relativistic basis functions and spinor functions 
as basis functions. The latter approach is often used either in a direct way[l] or 
by use of the so called second variational approach [2]. Results from the different 
approaches give similar anisotropic magnetic properties [3] . Irrespective of calcu- 
lational method one ends up considering a Hamiltonian that includes relativistic 
effects and as a result of this the only angular momentum states that commute 
with the Hamiltonian are S^, hence only these angular momenta are 

constants of the motion. Since and are not, one may ask whether it is 
possible at all to calculate them. However, one may still calculated the average 
of the spin operator, S^, (and L^) and below we illustrate this with a simple ex- 
ample from atomic physics. In order to do this we show in Fig.l the vector model 
(which is justified by the Wigner-Eckart theorem [4]) for an LS coupled state, un- 
der the influence of a tiny external magnetic field B. In this figure J, L and S are 
treated as vector quantities. They are not static but drawn at an arbitrary time. 
J is precessing relatively slowly around k (the direction where B is pointing) and 
L and S process rapidly around J with a frequency proportional to the strength 
of the spin-orbit coupling. The mean of S;^ can be calculated by first forming the 
vector Sj, i.e. the component of S along J, and secondly calculating Sj-k. The 
magnitude of Sj is Sj = ^ and Sj can hence be written as Sj = ^ j. can 
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Fig. 1. LS-coupling of Angular momenta J, L and S. A small magnetic field, B, is 
pointing along the k-direction (from o to z). 



be calculated as the projection of Sj along k, using =Sj-k= Since 

S • J = (J^— L^+S'^)/2 we obtain S;^ = • Using similar arguments 

for L we arrive at • Replacing the vectors and 5^) for 

operators we can now calculate the average of and L^, using in the calculation 
operators that commute with the Hamiltonian. In relativistic electronic struc- 
ture calculations one goes about the calculation of spin and orbital moments 
somewhat differently and calculates the expectation values of these operators 
directly from the eigenfunctions of the crystal Hamiltonian. 

From the analysis above it becomes clear that the projection of and 
onto Jz can indeed be both calculated and measured and this chapter deals 
mostly with theoretical attempts to calculate and Lz of thin film materials 
and multilayer systems, although a few examples of bulk magnetism are also 
given. In particular a few examples of calculated spin and orbital moments of 
thin film magnets will be given as well as theoretical values of the magneto 
crystalline anisotropy (MAE) . The possibility to sometimes relate the MAE and 
orbital magnetism to each other will be analyzed as well. Results in theoretical 
work on magneto striction coefficients will also be given, with an example of a 
recent work on alloys between Fe, Co and Ni[5]. 

2 MAE, Magnetostriction and Magneto-elastic Coupling 

In this section we define some of the magnetic properties that are of interest to 
us in this chapter. An important fact for use of magnetism is that it is a vector 
quantity, both with a magnitude and a directionality. The preferred orientation 
of the magnetization in a crystalline structure is called the easy magnetization 
axis and the energy required to rotate the magnetization to another direction is 
named the magneto crystalline anisotropy (MAE). A large MAE is important 
in fabricating magneto optical devices since a well characterized out of plane 
magnetization is desired. Other applications require a small MAE, since so called 
soft magnetic materials are used in many applications, such as in transformers 
and generators, to mention a few examples. 
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For strains close to the cubic phase, bcc and fee, the change in the MAE is 
linearly dependent on the strain, e (e=c/a-l), and as will be clear below this is 
an important ingredient for understanding the magneto striction (normally sym- 
bolized as A). Using arguments from magneto-elastic theory, the MAE of small 
tetragonal distortions can be used to calculate the magnetostriction coefficient, 
e.g. Aooi, as illustrated in Ref. [6] for fee Ni. The total energy can be written 
as the sum of an elastic and a magneto-elastic energy {E^i and Eme) which are 
assumed to be quadratic respectively linear in small distortions. 



Eel = Ce^ 
^me ~ O-Bc. 



( 1 ) 



Here e is a volume conserving tetragonal distortion (e ^ 2(c/a — l)/3), is a 
constant which takes the value 1 for magnetization parallel to the tetragonal axis 
and —1/2 for a perpendicular direction, and B and C are the magneto-elastic 
and elastic coefficients, respectively. The latter is related to the regular elastic 
constants as C = 3 Uq(C'ii — Ci2)/4, where Vq is the volume of the unit cell. 
The magnetostriction coefficient is, when the magnetization is along the [001] 
direction, written as Aqoi, and is defined as the equilibrium distortion, i.e. when 
the total energy, E^i + has its minimum. By differentiation of the total 

energy and setting the expression equal to zero, we obtain 

Aooi = ^. (2) 

From this equation we observe that the magneto elastic coupling and magneto 
striction are intimately connected to each other. 



3 Theoretical Method 

The theoretical method used in this work is the so called FP-LMTO method [7] 
and we will below describe this method in some detail. Before doing this we 
describe it shortly in simple terms. The method adopts a base geometry which 
consists of muffin-tin spheres and an interstitial region. Inside the muffin-tins the 
density and potential are expanded by means of spherical harmonic functions 
times a radial component. In the interstitial region the expansion of the density 
and potential makes use of a Fourier series. The interstitial basis function is a 
Bloch sum of Neumann and Hankel functions. Each Neumann or Hankel function 
is then augmented (replaced) by a numerical basis function inside the muffin-tin 
spheres, in the standard way of the linear muffin-tin orbital method[l]. Since 
a Bloch sum of atomically centered Hankel or Neumann functions involves an 
object which has the periodicity of the underlying lattice one may expand the 
periodic part in a Eourier series, which is done in the present method [7]. Evalu- 
ating matrix elements of the Hamiltonian the interstitial region thus involves rel- 
atively simple analytical functions: plane waves. The exchange-correlation term 
is approximated by the generalized gradient approximation (GGA) according to 
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Perdew and Wang [8] and by the local density approximation (LDA) according 
to Hedin-Lundqvist [9] . 

Let us now proceed with a somewhat more detailed description of the theory, 
and how the Kohn-Sham equation (the Schrodinger like equation that is central 
to all first principles calculations) is solved. First of all one normally assumes 
in a bulk material that the potential which enters the Kohn-Sham equation is 
periodic, i.e. vjjj\r) = + R), where R is a translation vector ( a Bravais 

lattice vector) of the solid. This periodic boundary condition leads to Bloch’s 
theorem [10] which states that as an effect of the periodicity of the bulk material 
the one-electron wave function must obey the following condition, 

(r + R) = ^ (r) , (3) 

and we note that a vector of reciprocal space, k, has been introduced. In addition 
one can solve the Kohn-Sham equations for each k-vector being separate and 
independent of the others. However, the dependence of the one-electron wave 
function on k makes the calculation of the one-electron density somewhat more 
complex since we have to include a sum over all possible k- vectors, and the 
density is calculated from, 

(4) 

i k 

In a similar way one often needs to sum all the possible Kohn-Sham eigenvalues 
to be used for calculating the total energy. The sum of the eigenvalues, 
is often referred to as the eigenvalue sum and it is calculated from 

(5) 

i k 

3.1 Different Types of k-Space Integration 

Having dehned the eigenvalue sum, in Eqn.5 we are now ready to discuss different 
ways to approximate the integral over the Brillouin zone (BZ), which is necessary 
in numerical methods where one does not have an analytical expression of En^. 
This is actually very important for calculating anisotropic magnetic properties, 
since the sum in Eqn5. converges very slowly as function of increasing k-mesh 
density. Below we will discuss three different BZI schemes to compare their mer- 
its. In all three cases a uniform mesh of k-points is used, distributed as to fulfill 
the symmetry of the space-group. The BZI can in all three cases be written as 
weighted sums over the bands, i, and the discrete set of sampled k-points, k^-, with 
weight functions, Wji. In the so-called linear tetrahedron method[II], LTM, the 
uniform mesh is divided into corner-sharing tetrahedra. A linear interpolation of 
the eigenvalues is performed between the k-points belonging to one tetrahedron, 
resulting in a weight function wji. The step function is used directly by using 
Fjf as an upper limit in the energy integration. A modification of the linear 
tetrahedron method, MTM, was suggested by Bldchl et al.[I2] In the MTM the 
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Fig. 2. Calculated total energy of fct Ni (normalized to zero) for three different k-space 
samplings (LTM, MTM and GBM). For details see text. 

linear weights, w^-^, are corrected by, dwij='^j. where 

T is an index for the tetrahedra and I is an index for the k-points at the corners 
of the tetrahedron T. Dt(Ef) is the contribution to the density of states from 
the tetrahedron T at the Fermi level and Eij is the eigenvalue of the k- 
point belonging to the tetrahedron T. The MTM corrects approximately for the 
curvature of the energy band to leading order. Another way to perform the BZI 
is to use a Gaussian broadening method, GBM, which convolute each discrete 
eigenvalue with a Gaussian function of width W. This method and the related 
Fermi-Dirac broadening method are very popular in total energy methods since 
they lead to a fast and stable convergence of the charge and spin densities. The 
GBM can be seen as a truncation of a complete series expansion of a ^-function 
in terms of Hermite polynomials, H^, with a Gaussian weight function[13]. 

An example of how the different BZ integration methods work is show in Fig. 2 
where the total energy of fct Ni (c/a ratio of 0.945) is presented as a function of 
the number of k-points in the irreducible wedge of the BZ [6]. The calculations 
were based on a full potential linear muffin-tin orbital method, described in the 
next section. Note from Fig. 2 that the LTM converges much slower than the 
MTM and GBM. Notice also that the GBM does not converge to the same value 
as the other two methods which seem to converge to the same value. This is due 
to the fact that in the GBM the sum over Hermite polynomials is truncated, 
resulting in an approximate step function. However, the error in the energy 
difference is much smaller [6] [14]. 

3.2 The FP-LMTO Method 

Let us now describe the theoretical method used in this work, the FP-LMTO 
method of Wills[7]. The approach is to expand the (unknown) one-electron wave 
function in a set of (known) basis functions as, 

^max 

^i,k(r) = '^ciikXikir)- 
i 



(6) 
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The sum in the equation above is truncated after sufficiently many basis func- 
tions have been included and the coefficients Q^k are, via the Rayleigh-Ritz 
principle[15], determined from the following secular equation, 

^max 

- Ei\^Ow]cii\^ = 0, (7) 

i 



where 

Hw = X;k(r)[-T + vjjf]xi'k{r)(fr = xiU^)heffXi'k(r)<fr (8) 

and 

Ow = [ X(k(r)xi'k(r)d^r, (9) 

Ju^ 

where the integral is over the unit cell (t/c). Once Hii> and Ou> have been eval- 
uated the eigenvalues, Ei\^ (i=l-^max), are determined by [15] 

det \Hw — Ei\^Ow \ = 0, (10) 

a standard numerical problem, which may be solved by existing software. 

3.3 Defining the LMTO Basis Functions 

The difficulty is now to choose a basis set which is flexible and converges fast, 
i.e. as few basis functions as possible are needed to represent with sufficient 
accuracy a given eigenfunction, '02,k(r). One efficient basis set is comprised of so 
called linear muffin-tin orbitals [1] , which may be used in a full potential mode, 
as described by Wills [7] or with the use of the atomic sphere approximation [1]. 
Both these methods are reviewed elsewhere and the theory presented here is 
based on these works, but the presentation differs somewhat. 

Let us note here that the FP-LMTO method is defined using a base geom- 
etry, which is the usual construction of muffin-tin spheres centered around the 
atoms and a region outside these spheres, called the interstitial region. In the 
muffin tins, the basis functions, electron density, and potential are expanded in 
spherical waves, whereas in the interstitial, the basis functions, electron density, 
and potential are expanded in Fourier series. The calculation of the Hamilto- 
nian and overlap matrix elements thus involves replacing the integrals in Eqns.8 
and 9 with two parts, one coming from the muffin-tins (MT) and one com- 
ing from the interstitial (Int). To be specific one breaks up integrals of /(r) as 

F = Imt f{r)d^r. 

Let us now proceed and define some of the mathematical functions and special 
symbols that will be used below. 



Spherical harmonics; yim{ r) = r); Qm{ r) = r); 

Cimi r) = i^Cimi r), where Vm is a spherical harmonic. 
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Bessel functions: 



ICi(K,,r) = 



J rii{Kr) — iji(Kr) < 0 

\ ni{nr) > 0 



( 11 ) 



K.L{ti,v) = ICi{K,r)yL{r);Ji{K,r) = = Jl(k, r)ri( r), where L 

denotes Im and n/ and ji are spherical Neuman and Bessel functions, respectively. 



Symmetric functions: Within the muffin-tin, functions invariant under the 
space group are expressed in harmonic series. This is motivated by the fact that 
around the atomic nuclei in the lattice most properties are atomic like and hence 
an expansion in spherical harmonics is efficient and converges fast. If /(r) is such 
a function, at atomic site r, the expansion may be written as, 

/(r) \r, fh^ {rr)Dh^ (VrTr) (12) 

h-r 

where Dh, ( r) = Y.m ("i)Ohm( r)- 

In Equation 12 is a transformation to local coordinate system of site r; 
the local coordinates of sites of the same type are related by an element of the 
crystal point group that takes one site into another. Expressed in this way, the 
functional form of depends only on local symmetry of the atomic site in 
question. 

In the interstitial, symmetric functions, which we again symbolize with the 
function /(r), are expressed in a Eourier series: /(r) |rGi = f{s) 
since the functions in this region vary smoothly. The sum is over symmetry stars, 
5, of the reciprocal lattice and r G I indicates the interstitial region. 

Basis set. In the interstitial region (again symbolically denoted by /), a basis 
function, labeled i, is a Bloch sum of spherical Hankel or Neumann functions: 

^i(k,r) Ire/ = |r - Ti - R-DVimi (^^r^ (r - n - R)). (13) 

R 

The rotation in Eqn.13 takes the argument into a coordinate system local 
to each site r. The purpose of this will be made evident below. The function on 
the right hand side of Equation 13 is sometimes called the envelope function. 
Notice the parameters, specifying a basis function, inherent in this definition. 
There are the site r in the unit cell on which the spherical wave is based, the 
angular momentum parameters £ and m of the spherical wave with respect to its 
parent cell, and the kinetic energy of the basis in the interstitial. The angular 
momentum parameters specifying the basis set are chosen to represent the atomic 
states from which crystal eigenstates are derived. In the method described here 
it is usual to use “multiple basis sets, bases having all parameters except the 
tail parameter the same. Hence the method described is not a minimal basis set 
method, as opposed to the LMTO-ASA method. 
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Muffin tins spheres. In the muffin tin spheres, a basis function is a linear 
combination of spherical waves, that match continuously and difierentiably to 
an envelope function at the muffin-tin sphere. An envelope function /C may be 
expanded in a series of spherical Bessel functions about any atomic site, except 
the atomic site that it is centered on. A basis function on a muffin-tin sphere in 
the unit cell at R = 0 is therefore 



{JCi(Ki,Sr)S{R,0)S(T,Ti)6{L,Li) 

R L 

+ JL{K,Sr)BL,Li{Ki,T - T - R)) 

= (lCl{Ki,Sr)S{T,n)S{L,Li) (14) 

L 

+ JL{K,Sr)BL,Li{Ki,T - T ,k)), 



where f ^ = r — r and B is unitarily equivalent to the KKR structure constant. 
Equation 14 is compactly expressed by defining a two-component row vector K 
so that Ki{hi^r) = and a two component column vector S so 



that 






( 5(r,r>(L,L') \ 

-T ,'k) ) ■ 



(15) 



Then the value of a basis function inside a muffin-tin sphere is a linear com- 
bination of atomic like functions, 0, and their energy derivatives, 0 , matching 
continuously and different ialbly to the radial function K. Collecting and 0 in 
a row vector, U{r) = {(t)(r)^ (j){r) ), a simple case of this matching condition may 
be expressed as U{r)Q{K) = K{k^s) and U (r)f?(K) = K (k,s), where f?(K) is 
a matrix of order 2, to be described below. 

A basis function in a muffin tin sphere is therefore 



V’i(k,r) <st = E] UtL{ei-,'DrYr)Ou{e-i,ni)SL,LMi-,T - T (16) 

L 



and E^tL(e,r) = r). The necessary cutoff in angular momentum has 

now been made explicit. The 2x2 matrix Q matches U to K continuously and 
difierentiably at the muffin-tin radius. Specifically, f? is specified by 



0;,(e,s,)y;^(e,s*) j ~ ■ 



(17) 



3.4 Calculating the Matrix Elements 

Muffin- Tin contribution. The potential in a muffin-tin at r has an expansion 
in linear combinations of spherical harmonics invariant under that part of the 
point group leaving r invariant: 

Ir^ <st — {rT)Dh^ (^r^r); 

h-T 



( 18 ) 
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where is defined above. The utility of referring bases and potentials in muffin 
tins to site-local coordinates is apparent in 18. Combining Eqns.16 and 18 the 
potential matrix element {^pi \ V\^pj) may be calculated. 



Interstitial contribution. A Fourier transform of the basis functions described 
in Eqn.16 would be too poorly convergent for practical use. However, the eval- 
uation of the interstitial potential matrix only requires a correct treatment of 
basis functions (and potential) in the interstitial, and this freedom can be used 
to design “pseudo bases”, equal to the true bases in the interstitial although 
not in the muffin-tins, which have a Fourier transform which converges rapidly 
enough for practical use. We define these pseudo bases by 

^i(k,r) = \v-Ti- R), (19) 

R 

where r) =lCi{n^r)^ r > where s is the radius of a sphere such that 

s < Sr . Inside a sphere with radius 5, the form of the pseudo basis is unimportant 
since in this region the basis function to be used is given by Eqn. 16 and instead 
the form of the pseudo basis is determined to give an optimally convergent 
Fourier series. 

The potential in the interstitial is similarly obtained from a “pseudo-potential” 
that equals the true potential in the interstitial and has rapidly converging 
Fourier coefficients: 



F(r) I, = V{v) \i=Y, V{s) Y, (20) 

s ges 

The sum in Equation (20) is over stars S of the reciprocal lattice. 

Integrals over the interstitial are performed by convoluting the potential with 
an interstitial step function and integrating over the unit cell: 






V 



1/,j) =(1p. 



0jV 



^3 



C/c 



3.5 Surface Slab Calculations 

Since we will describe here results of spin and orbital moments of surfaces we 
describe how the above bulk method has been extended in Ref. [16] to a surface, 
slab method. As mentioned the present method uses a slab geometry, where three 
different regions are defined; muffin-tin regions, an interstitial region (outside the 
spheres and in-between the boundaries of the slab in the positive and negative z- 
direction, zi and -Z 2 , respectively), and two vacuum regions (for z- values greater 
than zi and less than -Z 2 ). The slab is built up of sufficiently many atomic layers 
so that bulk behavior is found for the center layer. Normally 7-13 atomic layers 
are necessary to achieve this. 

Inside the muffin-tins the treatment is the same as in the bulk method. The 
interstitial region is likewise described in a similar way as for bulk calculations. 
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i.e. the basis function is represented as a Fourier series. However, here one must 
consider a smaller modification as compared to the bulk calculation, since the 
slab only has periodic boundary conditions perpendicular to the slab normal. In 
order to do this we repeat the slab in the perpendicular direction, with a spac- 
ing between the slabs, and all properties of the slab have periodic boundary 
conditions which enables a representation using a Fourier series. Hence, we can 
define a reciprocal vector also in the z-directions, i.e. Qz = The basis func- 
tions inside the slab can then be represented as a Fourier series using a three 
dimensional g- vector, g = g|| + It is desirable to ensure that the overlap of 
the wavefunctions coming from different slabs is zero. Therefore, in calculating 
the Fourier coefficients used for the plane wave expansion we use a basis function 
which is truncated outside zi and -Z 2 (see below). As a consequence the basis 
function inside the central slab has only contributions from muffin-tin spheres 
inside the slab. The basis function inside the slab is then matched on to a vac- 
uum basis function, in a continuous and differentiable way. The vacuum basis 
function closely resembles a basis function inside a muffin-tin sphere (see below) , 
since it is a numerical function (calculated using the planar averaged vacuum 
potential). The resulting wave function is continuous and has a continuous first 
derivative everywhere. 

Let us now describe the form of a basis function in the interstitial region, 
and consider a Bloch sum of the ’pseudo’ basis functions, written as 

^i(k,r) = 5]e*‘''^N/(r-t-R||). (21) 

R|l 

For a single slab we have only translation symmetry in two dimensions, and 
the two dimensional Bravaias lattice is represented by R|| and / is defined in 
Eqn.l9. A three dimensional Fourier representation can, as mentioned, be ob- 
tained by repeating the slab in the z-direction. The wavefunctions centered inside 
a given slab has to be truncated outside that slab, and by doing this one ensures 
that there is no overlap between wavefunctions coming from different slabs. The 
Fourier representation of the interstitial wavefunction (truncated outside the 
slab) can then written as, 

^k,r)= F,(k + G||,G_L)e*('"+^ii+^-^)-’. (22) 

G||,G^ 

The expression for the Fourier coefficients, F, in Fqn.(22) are similar to the ex- 
pression for the bulk coefficients. Since the potential in the interstitial region is 
also expressed as a Fourier series, the Hamiltonian and overlap matrix elements 
can be evaluated as simple reciprocal lattice sums, convoluted with a step func- 
tion that is one in the interstitial region and zero everywhere else. It now remains 
to specify the basis function in the vacuum region. The requirement of the basis 
function in the vacuum is that it should decay asymptotically in the z-direction 
and be continuous and differentiable at the interface between vacuum and inter- 
face regions. This can be achieved by augmenting the basis functions centered at 
the atoms inside the slab, with a numerical solution to the Schrodinger equation 
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in the vacuum region. As mentioned, the wavefunction in the vacuum must have 
the same magnitude and first derivative (and therefore the same logarithmic 
derivative) as the wavefunction defined inside the slab. We therefore need first 
to evaluate the interstitial wavefunction (Eq.22) and its logarithmic derivative 
at zi (and -Z 2 ). The value of the interstitial wave function at the upper plane, 
r = r|| + zzi, is (using Eqn.22) 

^i(k,r|| +Z2i) = r’j(k + G||,G_L)e*(('"+^ii)-rii+Gx-zi), (23) 

G||,G_l 



However, in this case we are only interested of the wavefunction, and its deriva- 
tive at the boundaries of the slab, namely at zi and -Z 2 . We can achieve this by 
considering pseudo wavefunctions which are not truncated, but with a spacing 
between different slabs (normally R^) which goes to infinity. The summation 
over is then replaced by an integral J dG±. The wavefunction at the upper 
plane, zi, is: 



ipi{k,r\\ +zzi) = 



.i((k+G||).r 



G| 



L 



/ F,(k + G||,G^)e' 

G 






(24) 






G, 



and the logarithmic derivative of this function is 

^^iG^q(k + G||,GUe*°-^^ 
L F(k + G||,GUe*«--‘ ■ 



TiUV _ ' 

^Gm = M- 



(25) 



We can now specify the wave function in the vacuum region as a linear combina- 
tion of the solution to the Schrodinger equation, and its first energy derivative, 
in the vacuum region. This linear combination must have the same amplitude 
and logarithmic derivative as the interstitial wavefunction (for each G||). To be 
specific, the wave function in the upper vacuum region is defined as. 



v-r’hr) = 



'UV hG||+k)T| 



<P{e,D, 



,uv 

G|| 



G, 



^(e,D^ zi) 



(26) 



where uv denotes the upper vacuum. Due to the augmentation of the vacuum 



wave function with D. 



;UV 



, z ) , the correct asymptotic behavior in the vac- 



uum is ensured (exponentially decaying wavefunctions). Also, can be calcu- 
lated once and for all, given the geometry, and stored. With the use of the above 
specified vacuum wavefunction we can now derive the contribution to the Hamil- 
tonian and overlap from the vacuum region. This is done by first considering the 
planar averaged contribution to the Hamiltonian, and then the non-spherical. 



warping terms, z.e., < '0^,'^’^(r)|P|'0p'^’^(r) >=< '0^) 



uv,k 



(,r)\Hpianar\lpr''^{r) > + 
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First, we consider the planar averaged Hamil- 
tonian matrix elements, and much of the formalism and derivation is analogous 
to the spherical contribution from inside the muffin-tin spheres. [1] We thus get: 



< >= (27) 

f)UV * f)UV 
I ,z', G| I 

A“G|| > ^l) 

(u;(D-G|, ) + [E. -Gl-Gl + KI + K^] 

and the overlap is 



JDUV * T>UV 



■|h 






(28) 



l+u:*{DT,GM^TG,,)<r> 



)■ 



Here Ac is the area of the surface unit cell, and = Gx ^ 

The non-spherical part of the potential in the vacuum region is represented as 
a Fourier series, i.e.^ "^warp{^) = XIg'Vo the matrix elements 

for this part of the potential are. 



< ^'t^'^{v)\Vnonspher{Y)\^T''^i^) > = 



Z!^G;j+G||,G' 

g;, g;;5^oG|| 



puv * puv 
GJ|,2' G||,Z 

-D“yc;,^ , zi)^(e, -D“g|| > ^i) 

nOO 

/ A“ g„ , z)dz. 

J Zx 



(29) 



Equations similar to the ones described above, can be derived for the lower 
vacuum, and these two contributions are added to the total Hamiltonian and 
overlap matrices for the slab system[16]. 



4 Spin and Orbital Pairing 

In the sections above theoretical methods for calculating the electronic structure 
of bulk and surfaces were described. We will now proceed with an analysis of 
how the effective potential and total energy expression can be improved upon. 
Since the spin-polarization (spin pairing) is treated via a spin-dependent effec- 
tive potential, such as Eqn.8, and the relativistic spin-orbit interaction is also 
treated explicitly, the physical mechanisms behind Hund’s first and third rules. 
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respectively, are (at least approximately) included. One can at this stage ask 
the question why total energy calculations based on different approximations to 
DFT ignore Hund’s second rule. The answer to this question is of course that 
to day an exact, practical formalism for including effects responsible for Hund’s 
second rule is lacking. However, it has been pointed out [17] that an approximate 
way to incorporate Hund’s second rule in total energy calculations, using DFT, 
is to add to the LDA (or GGA) energy functional a term, 

= (30) 

<7 

In this equation E‘^ is the so called Racah parameter (note that this parameter 
is normally denoted B for d-electrons and for f-electrons) , which may be 
calculated from Slater integrals; F^,F^ and F^ [18] [19]. The correction in Eqn.30 
is normally referred to as the orbital polarization (OP) correction. This form 
for including electron-electron interactions comes from the finding that a vector 
model, involving interactions of the form li-lj between electron pairs [20] [21], can 
be used to calculate the lowest energy multiple!. In fact an explicit expression 
for electron-electron interactions of a d-shell, in a cubic crystal field, having 
a form li • Ij^ is quoted by Ballhausen[21]. This form of the electron-electron 
interaction was used by Norman et al.[22] to give a correction term which is 
very similar to the form in Eqn.30. Summing the interaction, li • Ij over electron 
pairs as well as replacing the average of this interaction with the sum over 
average interactions, IziUji gives rise to a form which is slightly different from 
Eqn.30[17]. The approximation of replacing li • Ij with the average is in the 
spirit of replacing the spin pairing energy, Si • Sj , with a Stoner expression 

^zi J2j ^zj = Since this form of the energy is absent in the LDA or GGA 
energy functionals one must add the energy of Eqn.30 to these total energy 
functionals. The interactions which are responsible for Hund’s second rule, which 
in a physical language are a refiection of that different angular momentum states 
have different angular dependence - and hence a different Goulombic interaction, 
are now in an approximate way included in the energy functional. 

To illustrate the importance of Eqn.30 we show in Fig. 3 the energy correction 
corresponding to Eqn.30 for the 4f electrons of the lanthanide atoms (or ions). To 
be specific Fig. 3 shows Eqn.30 neglecting the effect of hence illustrating only 
the angular behavior of the correction. The correction in Eqn.30 is compared to 
the exact values [23], which are calculated from the energy difference between 
the lowest atomic multiplet of the P configurations and those corresponding to 
the Grand Barry Gentre (an average of the multiplets). This energy difference 
involves of course also spin-pairing energy and spin-orbit interaction, but shown 
in Fig. 3 is only the part which depends on the orbital angular momentum. 

To illustrate the importance of the OP correction we show in Figs. 4 and 5 the 
calculated spin and orbital moments [24] of Fe, Go and Ni alloys, respectively. 
The calculations of the orbital magnetism was made using a standard LSDA 
calculation (with spin-orbit interaction), as well as from a calculation which in- 
corporates the correction in Eqn.30. In Figure 5 experimental values are also 
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Fig. 3. Tetrad effect according to Nugent [23] compared to the orbital polarization term 
described in the text. Data evaluated for the lanthanides and scaled with the Racah 
parameter. 



shown, and we note that an improved agreement between theory and experi- 
ment is consistently found for the orbital moment, when the OP correction is 
used. This is encouraging as well as reasonable, since the correction is supposed 
to include an interaction which is present in an interacting electron system. In 
addition we also observe that the orbital moments show a rather irregular be- 
havior and as discussed by Soderlind [24] this is due to band filling effects. Since 
the size of the orbital moment is to a large degree caused by a redistribution of 
electron states around the Fermi level, [25] [26] it generally scales to some degree 
with the value of the DOS at Ei^. Hence a large DOS at normally results 
in a larger orbital moment and the irregular behavior of the orbital moment is 
to some degree a reflection of an irregular behavior of the DOS at Eiv^, for these 
alloys. In addition the crystal symmetry is important since hep Co is found to 
have the largest orbital moment. It can be argued from perturbation theory that 
for a cubic material the influence of the spin-orbit coupling strength, (^, enters 
as Eor non-cubic materials the dependence is stronger, and generally this 
results in larger orbital moments. 

5 Force Theorem and MAE 

In the sections above we have defined the anisotropic magnetic properties we 
are interested in and we are now ready to give examples of materials with inter- 
esting properties. Eirst, we note that in the different approximations to density 
functional theory an explicit expression for the total energy is obtained, involv- 
ing different terms such as the kinetic energy of effective one-electron states, the 
Hartree interaction and the exchange and correlation potential. This expression 
has been demonstrated to be very useful for theoretical studies of a vast va- 
riety of problems in physics and chemistry. For certain theoretical calculations 
it has been found that short-cuts may be made to reduce the computational 
effort appreciably, such as the so called force theorem[l,27,28]. The force theo- 
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3 2 10 








Effective alloy Z number 

Fig. 4. Calculated average spin moments [14] of the FeCo, FeNi, FeCu, NiCu, CoCu 
and CoNi alloys, using the CPA method. 



rem states that the energy difference between two crystal structures or between 
two magnetization directions of a crystal may simply be calculated as the differ- 
ence in sum of occupied eigenvalues between the two structures or between the 
two magnetization directions, provided that the same effective potential in the 
Kohn-Sham equation is used [27]. This has the great advantage that only one 
self consistent calculation must be done, then the energy of the other configura- 
tion (crystal structure or magnetization direction) is obtained by one additional 
(non-self consistent) calculation. 

We now compare the two different approaches to calculate the MAE, called 
the total energy approach (TE) and the force theorem approach (ET). In order 
to be able to subtract out a small number (e.g. the MAE) from two very large 
numbers (e.g. the total energies) extremely careful calculations are needed. Typ- 
ically the total energies are required to be converged within 0.01 - 0.5 /i eE, 
depending on the magnitude of the calculated MAE. In the ET the effect of 
introducing the spin-orbit coupling is treated in the following way: A potential 
with a reduced symmetry and without the spin-orbit coupling is calculated self- 
consistently. Erom this potential two extra iterations are performed including 
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Fig. 5. Calculated and experimental orbital moments of Fe, Co and Ni, including their 
alloys, according to Ref. [24]. Data with and without orbital polarization shown. 



the spin-orbit coupling and with the magnetization in different directions. The 
most straightforward way to perform FT calculations, and done here, is to re- 
duce the symmetry and use only those point group symmetry operations that are 
common for both spin directions. The k-point convergence of the self-consistent 
potential is not very crucial. Using a potential converged with a k-point set of 
13500 k-point s or with a set of 32000 k-points yields only a shift in the MAE 
of 2%. Furthermore, the convergence of the total energy of the self-consistent 
potential does not at all need to be in the same range as the finally predicted 
value of the MAE, as is the case for the total energies in the TE. The orbital 
polarization term is not included in these calculations. 

The results of the comparison are shown for bcc Fe and fee Ni in Fig. 6. 
The MAE is, in all these figures, plotted as a function of number of k-points. 
One can note that the total energy results and the data from the force theorem 
acquire the same easy axis direction for both elements and all k-point sets. In 
addition, the differences of the converged MAE values between FT and TE are 
smaller than what can be resolved by the TE calculations. The good agreement 
between the TE and FT approach is quite encouraging and suggests that FT 
calculations of the MAE are quite accurate and may also be applied to other 
systems, such as alloys, surfaces, interfaces etc. 

In Fig. 7 the magneto crystalline energy obtained from the FT approach is 
compared to experimental data on bcc Fe[I4]. Here the energy as a function 
of angle between the magnetization direction and the 001 axis is plotted, and 
it may be seen that overall there is good agreement between experiment and 
theory, both in the general shape of the curves as well as the relative ordering 
of the 001, III and 1 10 directions. 

6 Thin Film Magnetism 

Above it was argued that enhancement of relativistic effects may be found for 
materials with reduced symmetry or with a large value of the DOS around the 
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Fig. 6. MAE (comparing 100 with 111) of fee Ni and bee Fe using the FT (solid lines) 
and TE (dashed lines) approach (see text for details). 




Fig. T. Calculated MAE (using FT-dashed line) of bee Fe as function of angle of the 
magnetization direction away from 001, compared to experimental data (full line). 



Fermi level. One way to achieve this in practice is to fabricate thin films of a 
magnetic material, since both the symmetry is reduced and, due to the reduced 
coordination number, the band width is smaller. A good example of this is the 
growth of fee Co on Cu (001), a system known to have several layers of Co grown 
epitaxially on the Cu substrate. Up to 50 atomic layers can be grown. [29] By 







260 



Olle Eriksson 




Fig. 8. Calculated and measured (filled triangle) values of the MAE (in plane minus 
out-of-plane) of bulk fct Ni. The calculations were made as a function of c/a ratio, 
with and without the orbital polarization correction. Positive numbers indicate the 
001 direction as the easy axis. 



means of x-ray magnetic circular dichroism the ratio of spin and orbital moments 
were detected and for thin film thicknesses, where the surface contribution be- 
comes increasingly important, the ratio increases dramatically. First principles 
calculations [29] reproduced this behavior, and showed that the origin lies in an 
enhanced orbital moment of the surface. As a matter of fact the calculations 
showed that both the spin and orbital moments are enhanced at the surface, but 
that the orbital enhancement is substantially larger. This behavior was actually 
predicted [30] prior to the experimental work and subsequent experimental work 
have been reported[31]. 

Other systems of large interest are Ni films epitaxially grown on Cu, [32,33] 
which are known to have an out of plane magnetization for film thicknesses above 
^ 7 atomic monolayers and an in plane magnetization for thinner thicknesses. [34] 
This is a rather unusual behavior since in most systems the shape anisotropy 
will be the dominating term in the thick limit and it always favors the in plane 
magnetization. In a previous work [32] it was speculated that this unusual behav- 
ior is driven by a large and positive volume contribution, to the magnetic 
anisotropy energy in the Ni film which occurs due to the tetragonal distortion 
of Ni grown on a Cu(OOl) substrate, in combination with a negative surface 
contribution. Kg. 

Using the theoretical method presented above we have calculated Ky for Ni 
in a face centered tetragonal, fct, structure. Ky is defined as the difference in 
total energy, between the [110] and [001] magnetization directions, per atom. In 
figure 8 Ky is plotted as a function of c/a for an fct crystal assuming a constant 
in plane parameter, (i.e. this distortion is not volume conserving). The in 
plane lattice parameter, a^p, is chosen to be 3.58 A which is the same as the 
value measured by FEED for thin Ni films on Cu.[35] The experimental lattice 
parameter of bulk fee Ni is 3.52 A. This means that at c/a=1.0 we will for 
the fct crystal have a volume which is larger than the volume of bulk fee Ni. 
Eor comparison both the calculated Ky with and without orbital polarization 
is shown. Note the large increase of Ky due to the orbital polarization. It is 
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Fig. 9. Calculated values of the MAE (in plane minus out-of-plane) of bulk fct Ni. 
The calculations were made as a function of c/a ratio along the Bains path. Positive 
numbers indicate the 001 direction as the easy axis. 




found that the [001] direction is the easy direction for all c/a < 1.0. Also one 
experimental point is shown in fig 8, and the agreement between experiment 
and theory is rather good (a more detailed analysis of the comparison between 
experiment and theory is given in the chapter by K.Baberschke in this volume). 

We have performed calculations of Ky as a function of c/a when going from 
the fee structure ( c/a=1.0 ) to the bcc structure ( c/a=^), i.e. along the 
Bain path. These calculations are done in such a way that the volume is the 
same for all different c/a ratios. The results are shown in figure 9. For c/a 
close to fee or bcc we see an almost linear behavior as expected from magneto- 
elastic arguments. Since both fee and bcc are cubic structures, and have magnetic 
anisotropy constants that scale approximately with the spin-orbit constant to 4^^ 
order, and since the spin-orbit coupling is rather weak for these elements Ky has 
to be small for c/a close to 1.0 and Therefore the Ky curve has to deviate 
from the linear behavior at some intermediate c/a ratio. In fig 9 it is seen that 
this happens when c/a is between 0.8 and 0.9. Further we notice that Ky is 
positive in the interval < c/a < 1.0 and negative for c/a > 1.0 and < 

It seems likely that this information can serve as a prediction of the volume 
contribution to the MAE, of pseudomorphically grown tetragonal Ni films 
on any substrate (if possible to fabricate). Due to the elasticity the volume of 
fct Ni will never deviate much from the volume of fee Ni, and the curve in Fig. 9 
should resemble the experimental reality. Of course it will be possible to repeat 
this procedure for any magnetic material which may possibly grow in an fct 
structure. 

7 Magnetostriction of Fe, Co and Ni 

Let us now return to the question of magnetostriction for a cubic system and its 
relation to the MAE of distorted structures (in our case fct), to see how well our 
first principles calculations compare to the magneto-elastic theory. First we will 
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Fig. 10. Calculated magneto striction Am and Aooi for Ni, using the total energy 
approach (circles and asterisks) and Eqn.2 (full and dashed lines). 



use Eqn.2 in order to obtain, Aqoi- In a previous work [36] the elastic constants 
C\i and C \2 were calculated for fee Ni using the same first principles method 
as in the present work. The deviation between these theoretical results and 
experimental values is less than 10 % and is not crucial for our discussion. Using 
these theoretical values of Cn and C \2 and our calculated MAE, for a given 
strain (ei and € 2 ) we can calculate Aqoi, using Eqn.2. This procedure gives Aooi = 
-270*10“^ [5,14]. A similar approach has previously been used by Wu et al. [37] for 
fee Co in bulk and Co based multilayers. Eor comparison we show Aqoi calculated 
directly from first principles by performing total energy calculations (including 
spin-orbit as well as orbital polarization), as a function of small ( 10“^-10“^) 
tetragonal distort ions [14]. The result is shown in figure 10. Notice the small 
energy scale on the y-axis (^0.1 fieV) and how well the calculated energies fit 
to a parabola, which serves as a good illustration of the high accuracy of in the 
numerical procedure. Erom these total energy calculations one obtains Aooi= - 
245- 10“^ [14], which agrees well with the value we obtained from magneto-elastic 
theory, quoted above. Eor completeness we show Am calculated using the total 
energy. This magnetostriction constant corresponds to a trigonal distortion (i.e. 
a length change in the [111] direction). The result is also shown in figure 10. Erom 
this one obtains the theoretical value of Am to be -107*10“^ [14]. In the literature 
[38,39,40] we have found from low temperature measurements of Aooi = (-71± 
3)T0“® and Am =(-39 ± 3)T0“^. The deviation between theory and experiment 
is close to a factor of three in both cases. 

In order to discuss further the dependence of the MAE on crystal structure we 
refer to the work by James [14] who calculated the MAE as a function of strain (or 
c/a ratio of the tetragonal distortions) of Fe, Co and Ni. In this work the MAE 
was calculated for a range of c/a ratios which, via the Bains transformation path, 
connects the bcc and fee structures. It is interesting to note that the size of the 
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Fig. 11. Calculated values (full lines) of the magneto striction (or rather OMA see 
text) compared to experimental data (dashed lines and dashed-dotted lines) for FeNi 
and FeCo alloys. 



MAE explodes in magnitude when the cubic symmetry is broken. In a work by 
Engel et al. the volume contribution to the MAE of fct Co in a Co/Pd multilayer 
was measured to be -220 /reV/atom. The c/a ratio of this film was 0.84. The 
calculations of James [14] shows that the values of fct Co are in good agreement 
with experiment. James [14] also compared the difference in the orbital moment 
between the two different magnetization directions, a property we will 

call the orbital moment anisotropy (OMA), to the MAE, and he found that there 
is a direct relationship between the MAE and OMA, as has been suggested from 
analysis based on perturbation theory. [41] Assuming that the exchange splitting 
is larger than the bandwidth (which indeed is not true in our case) Bruno [41] 
showed that the magnetic anisotropy energy for a uniaxial system can be written, 
in first order perturbation theory, as where ^ is the spin- 

orbit coupling parameter and m\ and is the total orbital moment assuming a 
magnetization axis parallel and perpendicular to the symmetry axis, respectively. 

If there is a linear relationship between the OMA and MAE and since there 
is, via the magneto elastic theory, a linear relationship between the MAE and A, 
there will be a linear relationship between the OMA and A. Hence, in order to 
study trends in the MAE as a function of for instance alloy concentration one 
may as an alternative study experimental trends in A or the OMA, and this is 
something we will do next. In Fig. 11 we compare the calculated OMA of bee Fe 
and fee Co to the corresponding experimental magneto striction coefficients, A. 
Note that the theoretical calculations reproduce the experimental trends very 
well. For the FeCo alloy (bee) theory reproduces the drop in A with increasing 
Co concentration and the dip at a Co concentration corresponding to ^ 2.5 spin 
down d-electrons. The trends in A of the FeNi (fee) alloys is somewhat more 
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intricate where A changes sign two times as a function of alloy concentration. 
The theoretical curves reproduce this behavior and the concentrations where a 
small respectively large A is observed are reproduced by theory. 

8 Summary and Conclusion 

Different aspects of magnetism of materials with reduced dimensionality have 
been discussed with special emphasis on spin and orbital moments, the magneto 
crystalline anisotropy, the magneto elastic coupling and magneto striction. The 
work presented shows that most materials are described rather well with first 
principles theory, where especially the spin and orbital moments typically agree 
within a few percent from experiment. The magneto crystalline anisotropy is 
normally harder to calculate due to that for most materials it is very small. For 
most bulk materials the reason for this is that the cubic symmetry reduces the 
influence of the spin-orbit coupling, and hence the MAE becomes quite small. 
By epitaxial growth techniques, thin films of e.g. Co on Cu can be fabricated and 
due to the lattice miss-match a structure of reduced symmetry is often found. 
This enhances the influence of the spin-orbit coupling and this together with 
the band narrowing for the surface of e.g. the surface Co atoms help produce a 
large enhancement of the orbital magnetism. Another example of the where the 
reduced symmetry is important has been given, i.e. fct Ni grown on Cu (001). 
Calculations of the orbital moment has been shown to give better agreement 
with experimental data when the orbital polarization correction is considered, 
whereas concerning the MAE the situation is less encouraging. The magneto 
striction coefficients have been evaluated for FeNi and FeCo alloys and although 
it seems that the absolute size of the magneto striction sometimes is difficult to 
calculate its trends as function of alloying (or band filling) as reproduced rather 
well by theory. 

Although it seems that in many cases first principles theory have predic- 
tive power for thin film (and bulk) magnetism, there is certainly need for im- 
provements. For instance, other versions of the orbital polarization correction 
should be tried, improvements of mean field approximations to Hubbard like 
correlation [42] [43] [44] [45] [46] should be explored, as well as the exploration of 
different approximations for calculating the self energy. For more localized elec- 
tron systems recent work on the strong coupling limit [47] have been encouraging. 
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Abstract. Modern research on band ferromagnetism aims at its understanding on 
a microscopic level, i.e. on the basis of the spin-dependent electronic structure. The 
discovery of novel magnetic phenomena in systems of reduced dimension adds new 
challenges for experimentalists as well as theoreticians to describe the important surface 
and interface effects in these systems. This contribution presents a status report on our 
current understanding of surface-derived electronic states in 3d ferromagnets. 



1 Dimension-Reduced Band Ferromagnets 

Ferromagnetism is known as a state of collective order in three-dimensional 
solids. In most elements, the magnetic moments per atom as a consequence 
of non-completely filled electronic shells lead to a paramagnetic answer of the 
system to an applied external magnetic field. In only a few cases, most-known for 
iron, cobalt, and nickel, the magnetic moments are found to be spontaneously 
ordered below a critical temperature, the Curie temperature Tq. This state of 
ferromagnetic order is caused by the so-called exchange interaction, which is 
understood as the result of the Coulomb interaction in combination with the 
Pauli exclusion principle. Ferromagnetism is, therefore, a many-body effect of 
quantum-mechanical nature. It depends critically upon the overlap of electron 
wave- functions of adjacent atoms. As a consequence, magnetic properties re- 
spond sensistively to a changed number of neighbouring atoms, an altered crystal 
structure and an enhanced or reduced lattice parameter. 

The development of smaller and smaller magnetic devices for data storage and 
retrieval demands for studying the influence of the reduced dimensionality on the 
magnetic properties. Ultrathin films as quasi two-dimensional systems are grown 
and characterized by state-of-the-art surface-science techniques under ultra-high 
vacuum conditions. Rows of atoms as realization of quantum wires and clusters 
as quantum dots are deposited on carefully selected substrates. The growth 
conditions and the morphology of these nanometer-scale structures are controlled 
with high precision. Novel magnetic phenomena have been discovered to be used 
in a wide spectrum of possible and already commercially available products 
for application in daily life. A famous example is the giant magnetoresistance 
(GMR) discovered in exchange-coupled layered structures, but now realized in a 
variety of spin valve structures. The GMR effect has already revolutionized the 
data storage and sensor technology [1]. 
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From a fundamental physics point of view, finite-size effects, i.e. the influence 
of the reduced dimensionality, altered crystal structure, and modified lattice 
parameter on the magnetic properties, have to be understood. Primary magnetic 
properties like the Curie temperature, the spin and orbital magnetic moments per 
atom, and the magnetic anisotropy have to be explained as well as the electronic 
states with their spin dependence that underlie the primary magnetic properties. 
Electron wave functions no longer extend to infinity as in a three-dimensional 
solid, they are confined by the presence of surfaces and/or interfaces. 

In this contribution, surface magnetic effects are discussed in relation to the 
surface electronic structure. It is predicted from theory and confirmed by experi- 
ments that surfaces of ferromagnets exhibit an enhanced spin magnetic moment 
compared with the bulk. In the studied cases, this is explained by the lowered 
symmetry and the reduced coordination number at the surface. For Ni(lll) the 
enhancement is expected to be between +9% [2] and +11% [3]. A spin-polarized 
low-energy-electron diffraction (SPLEED) experiment reports on a magnetic mo- 
ment “comparable to, or possibly slightly larger than, the bulk” [4]. For Co(OOOl) 
and Fe(llO), the enhancement was calculated to be +7% and +19%, respec- 
tively [2] . Experimentally, an enhancement of the surface spin magnetic moment 
of Fe(llO) was determined as +38% by SPLEED [5]. This result became unclear 
after a careful reanalysis [6] but was later confirmed (+39%) by torsion oscilla- 
tion magnetometry (TOM) [7] as well as by spin-resolved appearance potential 
spectroscopy [8]. 

The key question we want to address is the following: Are surface magnetic ef- 
fects reflected in the surface electronic states? In section 2 bulk-derived electronic 
states are briefly discussed. Surface-derived electronic states are introduced in 
section 3. Section 4 describes the experimental access to surface states and the 
characteristics of surface-state spectroscopy. A comparative study of the closed- 
packed surfaces of Ni, Co, and Fe is presented in section 5. A conclusion is given 
in section 6. 

2 Bulk-Derived Electronic States 

In ferromagnets, the electronic states are no longer degenerate with respect to 
the spin quantum number. The electronic bands split into two subsets of bands 
for electrons with spin magnetic moment parallel (t, spin up) and antiparallel 

spin down) to the magnetization direction, which is the quantization axis. 
The two subsets of bands are energetically separated by the so-called exchange 
splitting with the spin-up states usually lower in energy than the spin-down 
states. This energy splitting is not at all rigid, its value depends on the energy, 
the electron wave vector k, the band character, and the temperature. Owing to 
electron correlation effects, even the band widths become spin dependent which 
may give rise to an “inverse exchange splitting” at certain points in k space [9] . 
Since all bands are occupied up to the Fermi energy Ep, more spin-up states are 
occupied than spin-down states, therefore called majority and minority states, 
respectively. This imbalance in band occupation causes the net magnetic moment 
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per atom with non-integer numbers of Bohr magnetons for the 3d ferromagnets 
Fe, Co, and Ni. They are called itinerant or band ferromagnets because the 
3d conduction electrons are responsible for the magnetic properties. In Ni all d 
bands are occupied except the uppermost minority d band, while in Co more than 
one d band contributes to the magnetic properties [10]. Both are called strong 
ferromagnets because all majority d bands are occupied. In contrast, Fe is called 
a weak ferromagnet because the majority d states are not completely filled. It 
should be noted, however, that this strict classification is somewhat artificial 
owing to hybridization effects between d, p, and s states, leading to considerable 
d contributions in bands well above the Fermi energy. In addition, the spin is 
only a good quantum number in systems with small spin-orbit interaction. On 
the one hand, this is true for the 3d elements Fe, Co, and Ni. On the other 
hand, the spin-orbit coupling causes magnetic anisotropy effects, especially at 
interfaces. These effects determine the directions of easy magnetization, which 
are essential from an applications point of view. 



Ni(110) rx 0 = 25° ticj = (9.4±0.2)eV 




Fig. 1. (left) Spin-dependent bulk band structure of nickel at T = 0 along K — (S) — 
X — (Z) — W [II]. Majority and minority bands are shown as dashed and solid lines, 
respectively. A direct transition into the magnetic Z 2 band is marked by a vertical 
arrow, (right) Spin-resolved inverse-photoemission spectra for transition Z4 Z2 for 
six different temperatures. The room temperature data (T/Tc = 0.48) are included as 
thin solid lines for reasons of reference (from Ref. [12]) 
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The left part of Fig. 1 gives an example of a spin-dependent band structure 
E(k) of a ferromagnet. A calculated band structure of Ni for T = 0 along 
some high-symmetry directions of the bulk Brillouin zone is shown as dashed 
and solid lines for majority and minortiy states, respectively [11]. The diagram 
clearly shows the majority d states completely below the Fermi energy and the 
uppermost minority d band partially unoccupied. A direct transition between 
the Z 4 and Z 2 bands with energy /kj = 9.4 eV is indicated by arrows. An 
inverse-photoemission experiment is expected to observe the transition into the 
unoccupied minority part of the Z 2 band, but not into the occupied majority 
part. The result of this experiment is shown in the right part of Fig. 1 for 
six different temperatures [ 12 ]. The room-temperature result {T/Tq = 0.48), 
which corresponds to about 95% of the magnetization at T = 0, confirms the 
expectation: high spectral intensity just above the Fermi energy for spin-down 
electrons and low intensity for spin-up electrons. The experiment clearly detects 
the magnetic band which carries the magnetization in Ni. 




T/Tc 



Fig. 2. Experimental exchange splitting AEe^ of the Z 2 band in nickel as a function 
of temperature (solid circles with error bars) obtained from the spin-resolved inverse- 
photoemisison spectra of Fig. 1. The true spectral densities were extracted from the 
data by means of the maximum-entropy regularization, removing the influence of the 
Fermi function cutoff and apparatus function [14]. Open squares represent theoretical 
results (no scaling factor used) [16]. The full line is the experimental bulk magnetization 
ATbuik of nickel [15] rescaled to fit the AEe^ data (from Ref. [13]) 



The temperature dependence of the exchange splitting has been extensively 
discussed in the literature for about twenty years. It is clear that the spin de- 
pendence disappears with vanishing long-range magnetic order at the Curie tem- 
perature. What, however, happens with the spin-split bands upon approaching 
Tc? Will they collapse to one band in the paramagnetic state as expected from 
a simple Stoner picture? Or will the spin-dependent intensities be redistributed 
in such a way that the energetic splitting persists at Tc while only the spin po- 
larization vanishes? This so-called spin-mixing scenario is expected from model 
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calculations which assume short-range magnetic order even above the Curie tem- 
perature. From the experimental data obtained so far, the bands in Ni with their 
exchange splitting of up to 0.3 eV tend to show collapsing band behavior, while 
the bands in Fe with a splitting of up to ~ 2.2 eV show spin-mixing and collaps- 
ing band behavior depending on the wave vector k. An example of the magnetic 
band in Ni is presented in the right part of Fig. 1. With increasing temperature 
the majority Z 2 band becomes partially unoccupied while the minority band dis- 
appears partially below the Fermi energy [12,13]. A detailed data analysis using 
the maximum entropy method recovered the spectral densities undistorted by 
the Fermi distribution and apparatus function [14]. The experimental exchange 
splitting of the magnetic Z 2 band is shown as solid circles in Fig. 2. The data 
follow nicely the rescaled experimental bulk magnetization curve of Ni [15]. The 
often made assumption that spin-mixing behavior reflects local moments while 
collapsing band behavior indicates delocalized moments does not hold in view 
of a thorough analysis. In the case of Ni, for example, local moments above Tq 
and collapsing band behavior have been detected. More sophisticated models 
are needed to evaluate the experimental results. One example is the multi-band 
Hubbard model whose results are in excellent agreement with the experiment 
and are included in Fig. 2 as open squares [16]. On the other hand, more high- 
resolution photoemission and inverse photoemission results are needed to provide 
a reliable data basis for a detailed comparison between theory and experiment. 
The reader is referred to theoretical [9,17] and experimental contributions [18,19] 
in this volume dealing with this issue in more detail. 

3 Surface-Derived Electronic States 

With the information about bulk-derived electronic states in mind, we now focus 
on electronic states which are caused by the broken symmetry at the surface. 
They are located predominantly in energy gaps of the projected bulk band struc- 
ture and their wave functions are peaked at the very surface and exponentially 
damped towards the vacuum and the crystal [20]. A detailed understanding of 
the surface potential, which connects the bulk potential with the vacuum level, is 
necessary for explaining and modeling the various kinds of surface states. Basi- 
cally, one distinguishes two types of surface states: image-potential-induced and 
crystal-induced surface states. The first class is caused by the Coulomb-like tail 
of the surface potential towards the vacuum. A Rydberg-like series of states is 
formed within less than leV below the vacuum level. They are totally unoccu- 
pied, pinned to the vacuum level, and concentrated with their wave functions 
in front of the outermost atomic layer. This kind of states appear in front of 
every conducting surface provided an energy gap of the bulk bands supplies the 
necessary confinement between crystal and vacuum barrier. They form a quasi 
two-dimensional electron gas in front of the surface with almost free-electron-like 
dispersion as a function of ky. The second class depends on the specific band 
structure of the material. Crystal-induced surface states are derived from bulk 
bands and can, therefore, have distinct band character. They may be more lo- 




272 



Markus Donath 



calized like d states or more delocalized like sp states. The penetration depth 
of their wave functions towards the crystal depends on their position within the 
bulk-band gap. They may even become surface resonances characterized by pe- 
riodic wave functions within the bulk but with a resonance-like enhancement of 
their amplitude towards the surface. While the energies and dispersion behavior 
of image-potential-induced surface states provide unique information about the 
Coulomb-like tail of the surface potential far away from the surface, the £^(k||) 
data of crystal-induced surface states tell about the shape of the potential close 
to the outermost atomic layer. Systematic studies on mostly noble metal surfaces 
have given us a comprehensive knowledge about surface states [20]. 

Surface states at ferromagnets are of particular importance because of the ad- 
ditional parameter spin, which carries information about the magnetic properties 
at the very surface as well as the spin dependence of the surface potential. In the 
vicinity of the Fermi energy, the exchange splitting leads to a spin-dependent oc- 
cupation, evidence of a direct contribution to the surface magnetic moment. The 
shape of the spectral densities and their linewidths tell about a spin-dependent 
relaxation dynamics and an interaction with bulk states. However, ferromag- 
nets are not free-electron-like metals, which adds considerable complexity to the 
problem. 

Image-potential states have been thoroughly investigated by inverse photoe- 
mission and two-photon photoemission [21]. Their exchange splitting is influ- 
enced by the spin-dependent band-gap boundaries at the cyrstal side as well 
as a spin-dependent barrier potential at the vacuum side. Spin-resolved inverse 
photoemission succeeded in detecting exchange splittings for the n = 1 mem- 
bers of the Rydberg series for various magnetic surfaces. Even spin-dependent 
linewidths were measured for Fe(llO) [22,23]. Image-potential states are impor- 
tant for understanding details of the surface potential but do not contribute to 
the surface magnetic moment. Therefore, they are not discussed further in this 
contribution. Crystal-induced surface states at ferromagnets will be described in 
the following sections with respect to their possible relevance for surface mag- 
netism. 

4 Surface-State Spectroscopy 

The most direct experimental access to surface electronic states is given by pho- 
toemission (PE) and inverse photoemission (IPE) for the occupied and the unoc- 
cupied states, respectively. Two-photon photoemission with its superior energy 
resolution is an alternative for the study of unoccupied states, but without spin 
resolution so far. However, experiments with polarization-dependent excitation 
give indirect access to exchange- split states [24]. Since wide energy gaps open 
predominantly above the d bands in the unoccupied band region, most of the 
clear-cut case studies on magnetic surface states have been performed with spin- 
resolved inverse photoemission. The probing depth of electron spectroscopies is 
given by the inelastic mean free path of the incoming/emitted electrons, which 
is a few atomic layers in the 10 to 20 eV energy range. As a consequence, the 
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spectroscopic signal contains both bulk-derived and surface-derived states. To 
distinguish between bulk and surface contributions, the following criteria may 
be used: (i) sensitivity to surface contamination, (ii) (non) dependence on k^, 
(iii) appearance within a gap of the projected bulk band structure, (iv) compar- 
ison with theoretical studies. First, surface states are sensitive to adatoms. The 
reaction to it, however, depends on the particular state and the kind of adatoms. 
Image-potential states shift according to the work-function change, because they 
are pinned to the vacuum level, and their intensities are reduced with increasing 
surface disorder. Crystal-induced states may be quenched, altered or just shifted 
in energy. Second, true surface states are two dimensional and, therefore, do not 
depend on k^. To test this, one needs an experiment with variable photon en- 
ergy. Third, surface states appear in gaps of the projected bulk band structure. 
A gap of bands with the same symmetry as the surface state is sufficient to 
generate it. However, criteria (ii) and (iii) do not hold for surface resonances. 
In many cases, a detailed comparison with calculations is necessary to uniquely 
identify a surface state. 

Provided a surface state is identified, the experiment is sensitive to the very 
surface. The information depth for this particular spectral feature is not given 
by the electron inelastic mean free path but only by the penetration length of 
the surface-state wave function. This gives surface-state spectroscopy a surface- 
layer sensitivity. By detecting different exchange-split electronic states, e.g. a 
bulk-derived state and a surface state, conclusions can be drawn about a mag- 
netic depth prohle. This was shown for 6 monolayers (ML) of fee- (face centered 
cubic)-like Fe on Cu(OOl), where the surface has an enhanced magnetization 
compared with the sublayers [25,26]. In addition, surface-state spectroscopy is 
structure selective because the position of energy gaps in E(k) space and, as a 
consequence, the appearance of surface states depends on the crystal structure. 
The detection of a particular surface state can help to identify the crystal sym- 
metry as it was demonstrated for fee Fe on Cu(OOl). This advantage as a result 
of the experimental k resolution turns into a disadvantage for the determination 
of magnetic moments. Magnetic moments result from the imbalance between 
spin-up and spin-down states, integrated over the whole Brillouin zone. As a 
consequence, k-resolved investigations cannot measure magnetic moments. 

One more issue has to be addressed. Provided, a truly magnetic surface band 
is detected. What is the contribution of this band to the surface magnetic mo- 
ment? This depends very much on the character of the band, sp-derived surface 
bands with free-electron-like dispersion in 3d ferromagnets do only contribute 
a few percent to the magnetic moment, which is dominated by the more local- 
ized d contributions [27,28]. The situation is more favorable for d-derived surface 
states with their smaller group velocity. Independent of their actual contribu- 
tion to the surface magnetic moment, the study of magnetic surface states offers 
unique access to surface magnetic properties. The same is true for interfaces and 
quantum-well structures, which also give rise to specific electronic states. 
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5 The Closed-Packed Surfaces of Fe, Co, and Ni 

In this section, we will discuss crystal-induced surface states close to the Fermi 
energy at the closed-packed surfaces of the classical 3d ferromagnets: bcc (body 
centered cubic) Fe (110), hep (hexagonal closed packed) Co(OOOl), and fee (face 
centered cubic) Ni(lll). Co(OOOl) and Ni(lll) exhibit the same six-fold surface 
symmetry, Fe(llO) shows a distorted hexagonal surface geometry with only two- 
fold symmetry. The bulk bands perpendicular to the surface, calculated with 
the tight-binding linear muffin-tin orbital (TB-LMTO) method [29], are shown 
in Fig. 3. Although the calculation overestimates the exchange splitting, the 
main similarities and differences between the three cases are evident. Co and Ni 
are strong ferromagnets with all majority d states occupied, while Fe exhibits 



Fe(llO) Co(OOOl) Ni(lll) 




Fig. 3. Spin-dependent bulk band strueture along [110] for iron, [0001] for eobalt, 
and [111] for nickel [29]. This represents electronic states accessible by photoemission 
and inverse-photoemission experiments with normal electron emission and incidence, 
respectively, on the (110) surface of iron, the (0001) surface of cobalt, and the (111) 
surface of nickel. Majority bands are shown as solid lines, minority bands as dotted 
lines. 
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unoccupied majority d states. The energy separation between spin-up and spin- 
down bands increases from Ni to Fe. In all three cases, wide sp-denved energy 
gaps open from close to the Fermi energy to some eV above it. Since the lower 
and upper gap boundaries have p and s character, respectively, the gaps are 
called Shockley-inverted. The gaps are traversed by d bands in an increasingly 
complex way from Ni to Fe. In particular, for Fe the band order at the N point 
differs signihcantly in the two spin subsystems. For the minority system, the 
p-derived lower band gap boundary lies below three d bands. For the majority 
system, it reaches the N point above them. Only for Ni, the gap starts well below 
the Fermi energy which may give rise to a surface state with different occupation 
in the two spin bands. 

We have studied the three surfaces with spin-resolved IPE. Spin-polarized 
electrons emitted from a GaAs photocathode impinge with variable energy on the 
well-prepared surfaces with a dehned angle of incidence, in the presented study 
mostly along the surface normal. Radiative transitions to lower-lying electronic 
states in the sample are detected via emitted photons of energy hw = 9.4 eV at 
a photon take-off angle of 35°. Details about the measurements are described 
elsewhere [30,31,13]. The samples are remanent ly magnetized in a one-domain 
state with the magnetization direction collinear to the electron spin polarization. 
The presented spectra have been normalized to 100 % spin polarization of the 
incoming electrons. Consequently, the partial spin spectra represent transitions 
between majority and minority states separately. This is true as long as the spin 
is a good quantum number. The spectra are recorded at room temperature which 
corresponds almost to the magnetic ground state. Measurements of the surfaces 
states under consideration upon approaching the Curie temperature have not 
been reported so far. The Ni(lll) surface was prepared on a picture- frame bulk 
crystal, while the Co(OOOl) and Fe(llO) surfaces were prepared as thin films on 
a W(llO) substrate with thicknesses of 10 ML and 20 ML, respectively. The film 
thickness was chosen in such a way that the surface electronic structure did no 
longer exhibit thickness-dependent changes due to film-growth effects caused by 
the lattice mismatch between substrate and overlayer. 

5.1 Ni(lll) 

Crystal-induced surface states on (111) surfaces of fee metals form at the bottom 
of the 1 / 2 ' — Li 5p-band gap and, depending on the material, they are either 
occupied (Cu, Ag, Au) or empty (Pd) at the center of the surface Brillouin zone 
r. With increasing ky , they disperse to higher energy and, in the event of overlap 
with bulk bands of the same symmetry, they become surface resonances. For Ni 
the situation is more complicated owing to the uppermost d band traversing the 
sp gap (see Fig. 3). An sp-like occupied surface state at 0.25 eV below Fp with 
downward energy dispersion as a function of ky was detected by PE [32]. Fig. 4 
shows spin-resolved IPE results for normal and off-normal {O = —12°) electron 
incidence on Ni(lll) [33]. The spectra of the clean surface exhibit a prominent 
feature just above Ep with spin-dependent intensity. The minority intensity may 
be attributed to transitions into empty bulk d states, but there are no empty 
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Fig. 4. Spin-resolved inverse-photoemission spectra of Ni(lll) for normal electron inci- 
dence (a) and O = —12® (b): clean surface (open and closed circles), surface exposed to 
0.9 L of CO (dashed and solid lines) and difference spectra (open and closed squares). 
The spectra have been normalized to equal background intensity (from Ref. [33]) 



majority d states available in Ni. To test the surface sensistivity, the surface 
was exposed to 0.9 L (IL = 1.33 x 10“^ Pa • s) of CO. Most of the intensity is 
quenched by the adsorbate. The remaining feature of the contaminated surface 
exhibits high spin asymmetry and is, therefore, interpreted as originating from 
indirect transitions into minority d states, which are known to be not very surface 
sensitive. The spin-resolved difference spectra reveal a surface-sensitive feature 
which is spin-split at the high-energy, but identical at the low-energy flank. This 
result is interpreted as a surface-state emission which is cut off by the Fermi 
function at least for the majority part. Consequently, the surface state is only 
partially occupied. The exchange splitting of about 100 meV is determined from 
off-normal measurements, where the state appears completely above the Fermi 
level in both spin channels. This splitting resembles the splitting of the p-like 
lower band-gap boundary, which the surface state is derived from. 
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Ni(lll) exhibits an exchange- split magnetic surface state at the center of the 
surface Brillouin zone. Its contribution to the surface spin magnetic moment, 
however, was estimated to be at most a few percent [27]. The oxygen-induced 
reduction of the surface magnetic moment observed by TOM [34] is reflected 
in the electronic structure by a depopulation of the surface state as well as 
a reduction of its exchange splitting [35]. This adsorbate-induced modihcation 
of the surface state, however, cannot account for the significant reduction of 
the surface magnetic moment. The magnetic moment is carried predominantly 
by the d bands, and no modification of the d bands has been observed so far. 
Nevertheless, the surface state has been proven to be a unique sensor of surface 
magnetic properties. It should be noted that the appearance of the occupied 
surface state at F mentioned above is not yet understood [36,37] and its spin 
dependence is not known at present. 

5.2 Co(OOOl) 

The (0001) surface of hep Co and the (111) surface of fee Ni are quite similar with 
respect to their surface geometry and projected electronic bulk band structure. 
As for Ni(lll), an occupied surface state was found by PE at 0.3 eV below 
the Fermi energy [38,39]. In contrast to these hndings, a spin-resolved PE study 
did not support the existence of an occupied surface state [40]. A recent high- 
resolution PE study, however, hnds again evidence of an occupied surface state 
below Ep [41]. In spin-averaged IPE work, depending on the photon energy, a 
one-peak or a two-peak structure was observed just above Ep [42,43,44]. Based 
on measurements without spin resolution, most of the intensity was ascribed to 
a minority d band, while a shoulder on the low-energy side was interpreted as 
the tail of the occupied state found by PE [43]. 

With this unclear situation in mind, we performed spin-resolved IPE mea- 
surements on Co (0001) shown in Fig. 5 [45]. The observed minority peak at 
0.75 eV above the Fermi level may be easily attributed to transitions into empty 
minority d states. Surprisingly, a peak at 0.25 eV shows majority character, even 
though no majority bulk bands are expected to appear above Ep. As in the case 
of Ni(lll), exposure to 1 L of CO causes a significant effect: The majority peak 
is completely quenched, while the minority peak is partially quenched, prefer- 
ably at the high-energy flank. The remaining minority intensity is ascribed to 
empty minority d states. The difference spectra, presented in the lower part of 
Fig. 5, are interpreted as unoccupied surface states with an exchange splitting of 
0.65 eV. This assumption is supported by calculations within the fully relativis- 
tic one-step model, which hnd a surface state, exchange-split by 0.75 eV, with 
both components above Ep at E and a transition into a minority bulk band at 
0.8 eV [45]. It should be noted that both in experiment and in theory the surface 
state shows a positive dispersion as a function of ky . 

In contrast to the surface state on Ni(lll), the surface state on Co(OOOl) does 
not contribute to the surface magnetic moment. Similar to the case of Ni(lll), 
the role of the occupied surface state observed in PE is not clear at present. The 
size of the exchange splitting is unexpectedly large compared with the exchange 
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Fig. 5. Spin-resolved inverse-photoemission spectra for normal electron incidence on 
Co(OOOl). (a) Spectra of clean surface and surface exposed to 1 L of CO. (b) Difference 
spectra (from Ref. [45]) 



splitting of the p-like lower band-gap boundary. Future experimental as well as 
theoretical studies have to clarify this question. 

5.3 Fe(llO) 

The (110) surface of bcc crystals is not too different from the hexagonal fcc(lll) 
and hep (0001) surfaces discussed so far. Therefore, for a comparative study be- 
tween the prototype band ferromagnets Fe, Co, and Ni, Fe(llO) is chosen to be 
compared with Ni(lll) and Co(OOOl). The energy gap between sp bands is an 
absolute gap in the majority system, but it is traversed by d bands in the mi- 
nority system. One band has even the same symmetry as the sp bands confining 
the gap. Therefore one might expect a different surface-state behavior in the two 
spin systems. 

The experiments reported so far are not very conclusive with respect to sur- 
face states. Apart from very few exceptions, the measurements are successfully 
interpreted on the basis of bulk-band transitions alone. One spin-integrated PE 
study, however, reports a surface state at 0.15 eV below Ep at F [46]. In another 
PE investigation with spin resolution, a minority surface feature was observed at 
0.3 eV below Ep at 0.5 F H [47], which was predicted by a tight-binding calcula- 
tion [48]. In the calculations, the surface state starts from 0.4 eV above the Fermi 
level at F and disperses to lower energies along the F H direction. Although the 
corresponding majority partner was predicted as well, it was not observed ex- 
perimentally. Calculations within the one-step model of photoemission support 
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the existence of a minority surface state, whose appearance depends critically 
on the particular shape of the chosen surface potential [49]. In IPE measure- 
ments [50,51] and calculations [52] no evidence of a surface-state emission close 
to Ef was found. The identihcation of surface states for Fe is definitely hindered 
by the various d bands. 




0 12 3 
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Fig. 6. Spin-resolved inverse-photoemission spectra for normal electron incidence on 
Fe(llO). (a) Spectra of clean surface and surface exposed to 6 L of H 2 . (b) Difference 
spectra (from Ref. [53]) 



Spin-resolved IPE spectra for Fe(llO) are shown in Fig. 6 [53]. The data 

reveal three spectral features, two of them just above the Fermi energy with al- 
most equal intensities in both spin channels and one minority structure at 1.8 eV 
above Ey- The latter is easily explained as minority d-band emission. The fea- 
tures close to the Fermi level appear at slightly different energies for spin-up an 
spin-down electrons. Their origin is investigated by exposing the surface to hy- 
drogen. CO turned out not to be a suitable test adsorbate because, in contrast to 
the Ni(lll) and Co(OOOl) surfaces discussed above, it quenches the bulk <i-band 
emissions as well. 6 L of H 2 do not affect the minority bulk emission but influence 
the features close to Ey in an elucidating way. The minority peak disappears 
completely while the majority peak is only partially quenched. The remaining 
majority feature is attributed to majority bulk bands, i.e. the spin partner of 
the minority feature at 1.8 eV. The difference spectra in Fig. 6 show a minority 
structure and a smaller majority peak with peculiar asymmetric lineshape. The 
majority peak maximum appears at slightly higher energy than the maximum 
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of the minority peak. Is this result evidence of an inverse exchange splitting of 
a surface state? 

A detailed theoretical analysis within the one-step model of inverse photoe- 
mission revealed the following unexpected situation [53]. There is a minority 
surface state just above the Fermi level which disperses slightly to lower ener- 
gies with increasing ky. There is also a majority surface state, lower in energy 
at T, which, however, disperses to higher energies while losing spectral weight. 
This dispersion behavior is consistent with IPE data for off-normal electron in- 
cidence [54]. According to theory, the majortiy state even splits into two states 
with different dispersion behavior in certain directions of the surface Brillouin 
zone. The expected scenario with one pair of spin states is not valid for Fe with 
its large spin splitting compared with the band width. Hybridization between s, 
p, and d states with their different spin splittings results in a band order which 
is different for the two spin systems - and so are the conditions for surface states 
to form. With the assumption of a small, but finite angular distribution of the 
incoming electrons, the high-energy wing of the observed majority spectral fea- 
ture is explained as caused by the positive dispersion behavior of the surface 
state. Due to the spin-dependent band order in Fe, the two surface features have 
quite different band character and cannot be viewed as spin partners any more. 
It is no longer possible to define an exchange splitting between the two surface 
features of different spin. The Stoner picture, we often have in mind, with two 
sets of bands separated in energy by a rigid shift, called exchange splitting, is 
too simple to describe band ferromagnetism. It is even more difhcult now to get 
an idea about the surface-state contribution to the magnetic moment. Layer- 
dependent spin-density calculations may shed more light on this issue. However, 
this kind of calculations do not include a realistic surface potential yet, which 
is essential to describe the observed surface states. In this study on Fe(llO), we 
have identihed an unexpected and complex surface-state behavior at a magnetic 
surface. Combined investigations below and above the Fermi level are needed 
to learn more about the impact of surface states on the magnetic bahavior of 
surfaces. 

6 Conclusion 

For a microscopic picture about band ferromagnetism we need to understand the 
spin-dependent electronic structure and their relation to the primary magnetic 
quantities. The spin-dependent electronic structure below and above the Fermi 
level can be determined by photoemission and inverse photoemission. The ex- 
periments provide combined information about bulk-derived and surface-derived 
states, which has to be separated with due care. Surface states of various kinds 
and their spin dependences have been revealed for a number of ferromagnets. 
Sophisticated theoretical analyses help to interpret the often complex experi- 
mental spectra. Surface-state spectroscopy has been proven to be an excellent 
surface-layer sensitive tool to improve our knowledge about surface magnetism. 
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What is our current knowledge about the correlation between the primary 
magnetic quantities and the spin-dependent electronic structure for ferromag- 
netic surfaces? Surface magnetic moments, enhanced compared with the bulk, 
have been measured by magnetometry techniques and are theoretically under- 
stood. Surface electronic states have been identified but their contribution to the 
surface magnetic moment is small in many cases. At present, it is not possible 
to quantify changes of the surface magnetic moment from measurements of the 
electronic structure. A systematic study on the closed-packed surfaces of the 
prototype band ferromagnets Fe, Co, and Ni was presented in this contribution. 
It is a status report which leaves us with the impression that we are still on 
the way to explore experimentally the correlation between magnetic order and 
electronic states at ferromagnetic surfaces. 
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Abstract. The focal point of this work is the problem of phase transitions in two di- 
mensional (2D) magnetic films which interact through a non-ferromagnetic spacer via 
the interlayer-exchange coupling Jinter- By means of an element-specific technique, this 
is the x-ray magnetic circular dichroism, we probe temperature dependent magnetiza- 
tion curves for Co and Ni in prototype Co/Cu/Ni/Cu(001) trilayers with 2D Co and 
Ni layers. Co and Ni while coupled they have onsets of ferromagnetic order at separate 
temperatures. The interlayer exchange coupling enhances the lower ordering temper- 
ature. However, no ’tail’ in the magnetization curve occurs, suggesting that interlayer 
exchange coupling fades away near the lower ordering temperature. We show that such 
types of experiments can not be done in bulk, but only in 2D magnetic layers. 



1 Introduction 

The development of experimental techniques with monolayer sensitivity and el- 
ement specificity provides new opportunities to reveal and study astonishing 
effects in the ultrathin film magnetism that were never realized in the bulk 
[1,2,3]. Among these techniques the X-ray magnetic circular dichroism (XMCD) 
has been proven to be an ideal method for studying systems where more than 
one element are involved [4]. It is a novel powerful technique which is based on 
the difference in the absorption coefficient for right and left circularly polarized 
X-rays in a magnetic medium (the Kerr-Faraday effect at x-rays). The possi- 
bility to perform temperature-dependent measurements on well-characterized 
systems allows us to give a new input to general and eternal problems of physics 
like magnetic phase transitions and related topics. Magnetic phase transitions 
have attracted a lot of interest in the 50’s and 60’s and solid experimental and 
theoretical work was done in their study, see as a review [5, 6, 7, 8]. In this con- 
tribution we are not going to deal with phase transitions of three-dimensional 
(3D) systems of many elements like, for example, alloys or compounds. We will 
deal with phase transitions in ultrathin magnetic layers, each of them consist- 
ing of a pure element, in a geometry of two dimensions (2D). The purity of the 
element guarantees that, unlike in the case of alloys, the electronic structure is 
not altered. Therefore, one can take as an input the magnetic and electronic 
information given for the ultrathin layers and focus on the effects of a link, of an 
exchange interaction between them, on the magnetic properties. A lot of effort 
was put on the study and optimization of technologically important properties 
originating from the exchange interaction in layered magnetic structures (inter- 
layer exchange coupling Jinter) at room temperature [9]. However, few attention 
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was paid on the influence of Jinter on temperature-dependent fundamental mag- 
netic observables and magnetic phase transitions. This will be the focal point of 
our work. 

For a ferro- to paramagnetic phase transition of a ferromagnetic material the 
spontaneous magnetization Mgp is the order parameter and the temperature at 
which Mgp vanishes deflnes the Curie temperature (Tq) of the magnetic system. 
Mgp vanishes continuously while its first derivative, the magnetic susceptibility 
x'{T)^ presents a discontinuous behavior, a singularity, at Tq. This behavior is 
consistent with a second-order phase transition [6]. From theoretical point of 
view a phase transition demands an infinite sample, because only then 
diverges and the correlation length ^ tends to infinite at Tc- However, one may 
ask if real materials, i.e. ones with a finite size, undergo phase transitions. In 
an experiment, while the internal susceptibility equals Xint = the 

measured susceptibility is given as: 

Xexp 

where N is the demagnetizing factor determined by the finite size and shape of 
the sample [10]. Taking into account that Xint should diverge at Tc, Equation 
(1) determines the measured susceptibility to be Xexp ^ ^ bulk sphere, 

where N =1/3, this means that Xexp — ^ ^.1. units! That is, in real world 
one measures a phase transition which is always suppressed. In the following, we 
will not discriminate between a theoretical, i.e. idealized Tc, and an effective Tq 
realized in experiments. This will allow us to give an intuitive experimental input 
to the problem of phase transitions in the presence of an exchange interaction. 

In our presentation we will deal with in-plane magnetized ultrathin Aims. 
These provide a prototype of geometrical 2D systems. How the picture of phase 
transitions is transferred in this case? Mgp corresponds to the remanent magne- 
tization Mrem recorded along an easy-axis. This choice has been shown to be the 
proper one because in-plane magnetized Aims stay in a single-domain state up 
to Tc [11]. For two magnetic layers A and B the situation becomes more compli- 
cated. There are two trivial limits: (i) two ultrathin Alms directly coupled. This 
case is similar to a disordered CoNi alloy. The order parameter is the average 
magnetization vanishing at the common Tc as was shown previously for ultra- 
thin Co/Ni bilayers on Cu(OOl) [12]. (ii) The other trivial case is encountered 
at the decoupled limit. There, one may deflne two order parameters and 
and two well-deAned Curie temperatures Tq (lower) and Tq (higher). From 
here and on these will be denoted as Tq^ and T^^^. This situation resembles 
a powder of sufAciently large Co and Ni grains. What about the intermediate 
case, i.e. the one where there is sufAcient exchange but not enough to create a 
common Tc? We will show interesting eAects for basic physics and technology 
that may be observed in the latter case only. We will describe this case starting 
from the decoupled limit, i.e. considering by deAnition two order parameters and 
we will actually test how valid is this approach. 



^ +1V 

Xint 



( 1 ) 
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This work is organized in the following way: In Section 2 the experimental 
details which include a brief description of the XMCD technique and structural 
and magnetic information for our samples will be given. Section 3 presents the 
main experimental results, i.e. the effects of the interlayer coupling on the fun- 
damental magnetic observables near the ordering temperature. Finally, we will 
develop a qualitative discussion on our results and on the problem of phase 
transition in coupled 2D magnetic layers. 

2 Experimental Details 

For the realization of a prototype system to study magnetic phase transitions 
in 2 D coupled layers we select Co/Cu/Ni trilayers grown on a single-crystalline 
Cu(OOl) substrate under ultrahigh vacuum conditions (base pressure p < 2x10“^^ 
mbar). The Ni thickness is chosen to be 3-5 monolayers (ML). In this thickness 
range Ni grows pseudoepitaxially on Cu(OOl) [13] with minor problems of inter- 
diffusion [14] or roughness [15,16]. The layers are thin enough to be still in the 2 D 
range. Indeed, for ultrathin Ni/W( 110 ) the transition between 2D-3D was shown 
to occur at 5-7 ML [17]. The Tq of Ni at this thickness range is between 150-300 
K [18], i.e. in an ideal temperature range for measurements without facing prob- 
lems of inter diffusion. Extensive characterization of Ni/Cu(001) ultrathin films 
is available [2,19,20] leading to a detailed knowledge of their magnetic properties 
which is a demand for the purposes of this work. On the top of the Ni film a 
Cu spacer in the thickness range d = 2-5 ML was grown in order (i) to keep the 
surface roughness at a minimum level and (ii) to maintain considerable values 
of Jinter, siuco the latter is known to decrease with 1/d^, see e.g. [9]. On top of 
Cu, a 1-2 ML thick Co film was grown. As for Ni, the temperature range for the 
Co Tc (100-400 K) was the main reason for this thickness selection. Finally, for 
Co/Cu( 001 ) a detailed data base of information is available which facilitates the 
selection of growth parameters and the understanding of its magnetic behavior, 
see e.g. [21,22,23,24,25,26]. 

Temperature-dependent magnetic measurements on the Co/Cu/Ni/Cu(001) 
trilayers were carried out by means of several techniques like XMCD, magneto- 
optic Kerr effect (MOKE) , ac-susceptibility and ferromagnetic resonance (EMR) . 
Here we will deal in detail with the XMCD technique which gives us the possi- 
bility to be element-specific and, consequently, has the most important input to 
this work. Eor details on the other techniques see [2]. 

The XMCD measurements were performed at the SX 700 monochromator 
beamlines at BESSY I, the synchrotron facility in Berlin. By scanning the energy 
range between 700-900 eV one will encounter successively the strong absorption 
resonances of the incident beam at the ^ 2,3 edges of Co and Ni (Eig. 1 ). Eor 
example, at 778 (853) eV the L 3 edge of Co (Ni) is placed where x-rays are 
absorbed because of 2p^/^-3d transitions. By using circularly polarized x-rays 
one may record the difference in the absorption spectra, shown in Eig. 1, between 
left and right circularly polarized x-rays. This difference, the so-called XMCD 
signal is a measure of the magnetization. After proper analysis by means of the 
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sum rules the magnetic moments of the elements and a separation into spin and 
orbital moments is possible [4]. In this process the polarization degree of the 
x-rays in case) and the number Uh of the d-holes for Ni and Co are 

necessary inputs. XMCD is a relative technique. This means that for the proper 
determination of the magnetic moments a sample with a well-known magnetic 
moment like, for example, a bulk sample, is necessary. In our measurements we 
used the electron yield detection mode. A short electrical pulse in a coil saturated 
the samples and the measurements were carried out at magnetic remanence. 
More technical details about our measurements may be found, for example, in 
Ref. [27]. 




760 780 800 820 840 860 880 900 

h (ev) 



Fig. 1. The beauty of the XMCD technique is the element specificity. By varying the 
energy of the incident x-ray beam on one trilayer (inset) one encounters the strong 
absorption of photons at the Co and Ni L-edges, as denoted. The difference A/i of the 
absorption coefficient fi for left (dashed) and right (solid fine) circularly polarized fight 
is the XMCD signal which is proportional to the magnetization (shaded areas). The 
parallel order of the XMCD spectra for Co and Ni suggests ferromagnetic coupling. 



3 Results and Discussion 

We will attempt to give a physical insight to the interesting problem of phase 
transitions in coupled 2D layers starting the discussion from the most represen- 
tative of our experiments, as shown in Fig. 2. 4.8 ML Ni are grown on Cu(OOl) 
and capped by 2.8 ML Cu(OOl). The magnetization of Ni is measured by XMCD 
(open circles). It vanishes at about 275 K. As discussed in the introduction for 
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single layers, this temperature is the Tq of our film. Successively, we evaporate 
2.8 ML of Co on the top of the Cu/Ni/Cu(001) bilayer. First, we will discuss 
the effects of Jmter on the Tc of Ni: 




Fig. 2. The Ni magnetization in the trilayer vanishes at 312 K. At this temperature 
Co is clearly still ferromagnetically ordered. The increase of the ordering temperature 
of Ni by an amount ATNi=37 K compared to the Cu/Ni bilayer proves the presence of 

J inter • 



The Ni magnetization vanishes at 312 K (full circles). The Co film at this and 
at higher temperatures remains ferromagnetic [28] . If the system was decoupled 
this observation would be trivial. Consequently, one may ask if we have any 
evidence for the presence of an interlayer interaction. The witness of the presence 
of Jinter IS the chaugc in the temperature where the Ni magnetization vanishes in 
the trilayer with respect to the bilayer. Indeed, an increase of ATNi=37 K in the 
temperature where the Ni magnetization vanishes is observed after evaporating 
Co. The energy accompanying Jinter is written according to the following simple 
formula [9]: 

-S' inter ~ J inter COS (A^) (2) 

where A^ is the angle between the Co and Ni magnetizations. Equation (2) re- 
veals that the energy Einter bas always the same sign, irrespective of the sign of 
Sinter (positive Sinter for ferromaguetic-FM and negative for antiferromagnetic- 
AFM coupling). Therefore, an increase AT^i may be understood by regarding 
that the energy due to Sinter is added to the intralayer exchange coupling en- 
ergy and, therefore, it helps Ni to order at higher temperatures than in the 
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Cu/Ni/Cu(001) bilayer [29]. This argument has been verified by all our exper- 
iments. While this picture in terms of the molecular field theory gives a nice 
qualitative description of the effect, it fails to give reasonable values of Jinter- 

As a next step, since Jinter is known to oscillate with d [9], one would expect 
ATni to show a similar behavior, as was suggested by Bayreuther et al. [30]. 
In Fig. 3 we plot ATni (full squares) as a function of the spacer thickness d. 
Note that, as mentioned above, ATni is always positive. Our motivation to give 
a more illustrative presentation in Fig. 3 led us to plot results for FM coupling 
above the Y=0 line and results for AFM coupling below. With this presentation 
it is easier to identify an oscillatory-like dependence of ATni on d. The full line 
in Fig. 3 is the result of a simple Ruderman-Kittel-Kasuya-Yoshida (RKKY) 
approach to the interlayer exchange coupling, see e.g. [9] : 

Winter (d) = sm {"I'Kdj + ^i) + A 2 siu {2lTd/A2 + ^ 2 )} (3) 

In this formula, the symmetry of the Fermi surface of Cu(OOl) results in the 
existence of two periods Ai and A 2 of Jinter {d) . The full line is produced by 
taking all parameters entering Equation (3) from theory [31]. Since theory can 
not give reasonable values for the amplitudes Ai and A 2 , we borrowed these 
numbers from an experiment on similar trilayers with Cu(OOl) spacers [32]. An 
excellent agreement is observed between experiment and theory without using 
any ht parameters [33]. One has to note that the maximum in ATni is observed 
for J=2.8 ML, exactly at the thickness where quantum- well states have been 
observed in trilayers with Cu(OOl) spacers [34]. Figure 3 offers the possibility 
to manipulate Tc in layered structures by varying the spacer thickness and, 
therefore, it is interesting for applications. As a final remark, the presence of 
AFM coupling in our films with very thin spacers guarantees that problems of 
’pinholes’ [35], i.e. bridges of direct coupling between Ni and Co, are negligible. 
Therefore, the physical mechanisms we discuss are dominated by the interlayer 
exchanging coupling. 

A more rigorous theoretical description of the effects of Jinter on ATni was re- 
cently given taking into account the 2D nature of the coupled layers [36] . Within 
a many-body Green’s function approach, and using the Tyablicov’s approxima- 
tion, the collective excitations (spin waves, magnons) were incorporated in the 
calculations. As it is well known a 2D system is not ferromagnetic at any hnite 
temperature [37]. This occurs because a positive feedback is encountered for any 
thermal fluctuation of the spins. However, real Aims with a 2D geometry have 
been shown from numerous experiments to order ferromagnetically. To bridge 
the inconsistency between theory and experiment, it was suggested that aniso- 
tropy stabilizes ferromagnetism at finite temperatures [38]. In the same sense, 
any internal or external field may stabilize ferromagnetic order at higher temper- 
atures as was shown, for example, in Ref. [11] following a theoretical approach 
by Pokrovski! [39]. In a similar way, the spin- waves which tend to disorder the 
ferromagnetic layer near Tq are suppressed due to Jinter • Therefore, Jinter will 
always introduce ferromagnetic order at higher temperatures. Figure 4 shows to- 
gether experimental data and theoretical curves produced for various reasonable 
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Fig. 3. The increase ATni follows an oscillatory dependence on the Cu-spacer thickness 
similar to Jinter- The solid line is the result of thoretical calculations as explained in 
the text. The right side of the Y-axis is scaled to coupling values deduced via a simple 
molecular-field approach. This approach overestimates the values of Jinter- 



values of Jinter [9] (note that IK corresponds to about 10000 G in exchange field 
units). Figure 5 presents theoretical results for ATni in a reduced temperature 
scale as a function of the Ni thickness. For comparison, the results predicted 
by the molecular field theory (MFT) are shown. In the inset the calculations 
are compared to experimental results. One may see that (i) AT is increasing by 
decreasing the film thickness and (ii) MFT can not describe properly the exper- 
iment. Both conclusions show that this type of experiment can be realized only 
in 2D ferromagnets [40]. 

Now one may turn to the crucial question if and to what extent the lower 
ordering temperature which was denoted as Tq^ may be considered as a phase 
transition temperature. Theory provides calculations for infinite samples and 
predicts phase transitions only at the absence of any internal field. As discussed 
in the introduction, this is not the case in the experimental world. In the presence 
of an exchange interaction Equation (I) may be written as [41]: 



Yexp 



1^ _ 1 _ /V - 1 - 

Xjnt ^ ^ M 



( 4 ) 



where, for trilayers, [9]: 



H 



exch 



^t/inter 

J-M 



( 5 ) 



In the same way with the demagnetizing factor N, FTexch will limit the mea- 
sured susceptibility in an experiment. Taking into account that ultrathin films 
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200 300 400 

T(K) 



Fig. 4. Experimental data points for the Ni magnetization in the bilayer and the trilayer 
of Fig. 2 and theoretical curves for various values of Jinter, as indicated. The curves were 
deduced via a many-body Green’s function approach which allows for the manifestation 
of effects related to the reduced dimensionality of the magnetic layers [36] . 



have a small mass and therefore they give small signals compared to bulk sam- 
ples, susceptibility signals will be undetectable in the presence of even a small 
-Winter- Indeed, the only experimental results up to now concern a case with d 
= 25 ML [29], Fig. 6(a), where according to Equation (3) Jinter should be very 
small and a second case where d = 5 ML [42]. The latter thickness was near a 
J-dependent crossover from FM to AFM coupling and iJexch was measured to be 
in the order of 10 G near [42]. The strong suppression of the susceptibility 
near is in agreement with all previous calculations for the susceptibility in 
the presence of an exchange interaction [36,43,44], see also Fig. 6(b). 

While the susceptibility data are well-understood it still remains a question 
arising from a careful inspection of Fig. 4: By all theories [36,43,44] a magnetiza- 
tion Tail’ is calculated in the layered structure above see the lines in Fig. 

4. This was never observed in our experiment [45]. As an illustrative example, 
we plot in Fig. 7 in reduced temperature and magnetization units the results 
from Ni magnetization curves in seven different trilayers. All data points follow 
a rather abrupt path near Tq^. Within our experimental sensitivity, no signal is 
observed above t=1.0. Another evidence for the absence of a magnetization ’tail’ 
comes from Fig. 8. There we plot the remanent magnetization curves for a 1.3 
ML Co/2.1 ML Cu/4 ML Ni/Cu(001). In this trilayer, unlike all the previous 
ones, we select a very thin Co film with a Tc which is placed below the one of 
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Fig. 5. Coupling-induced increase ATni, plotted in a reduced temperature scale, as a 
function of the number of Ni layers with Jinter as a parameter. In the inset calculations 
are compared to experimental data points. The calculations based on a mean-field 
theory (MFT) can not describe properly the experiment [36]. In other words, these 
experiments can not be realized in the bulk, but only in 2D magnets. 



Ni. Therefore, we may probe the magnetization curve of Co vanishing under the 
influence of Jinter- Like the ones of Ni, the magnetization curve of Co shows no 
Tail’. 

Reference [36] suggested that might be the formation of domains near 
that inhibits the observation of a ’tail’. At first place, domains are inconsistent 
with in-plane magnetized ultrathin Aims [46]. One may, however, ask what will 
be the situation in trilayers having spacers with non-integer numbers of layers. 
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Fig. 6. (a) Experimental susceptibility peaks in the Cu/Ni bilayer (dotted) and the 
Co/Cu/Ni trilayer (solid line) [29]. Even small values of Jinter, as for this trilayer, sup- 
press the Ni peak and shift it to higher temperatures, see also [42] (b) The susceptibility 
is calculated within the Green’s function approach [36] by considering large values of 
Tinter Hkc the ones of the trilayer of Fig. 2. We see a very strong suppression of the 
susceptibility which justifies the lack of an experimental detection of the susceptibility 
in trilayers with large Jinter- 

For example, for 3.5 ML Cu half of the spacer will consist of 3 ML and another 
half of 4 ML. If we suppose that the one thickness favors AFM coupling and the 
other FM, could the Ni layer break up into domains near To answer this 

question one has to take into account the diffusion length which for Ni, Co, Cu 
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on Cu(OOl) is only about 3-4 nm [47]. This determines the lateral dimensions 
of the 3 and 4 ML areas, in the previous example. Minimization of the intra- 
and interlayer exchange energies will result in domain-wall thicknesses which are 
much larger than this length scale of 3-4 nm. Therefore, the formation of such 
domains is energetically unfavorable. 




Fig. 7. Reduced magnetization of Ni as a function of reduced temperature. The data 
were collected from seven different trilayers. Contrary to all theoretical calculations a 
magnetization ’tail’ is not observed in the experiments. The line serves only as a guide 
to the eye. 



While we can not give a definite answer to the question of why we do not ob- 
serve a ’tail’ in our experiments, a possible suggestion is the strong temperature 
dependence of Jinter near Tq^. Jinter bas two origins of temperature depen- 
dence [48]. The one is intrinsic and has to do with the approach to the Fermi 
temperature. Since the Fermi temperature of metals is much higher than Tc, 
this dependence is of minor importance. The second one derives from the disor- 
dering of the magnetic moments due to spin- waves [48,49]. This is very strong 
near the interfaces. We think that since Jinter is an interface effect a very strong 
temperature dependence should be expected near Simple estimates can 

show that in the presence of a vanishing Jinter, no ’tail’ will be observed in the 
magnetization curves, while the susceptibility will still be suppressed below the 
experimental sensitivity. Unfortunately [48,49] provide calculations at relatively 
low reduced temperatures. It would be of interest to see such calculations near 
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Fig. 8. Magnetization curves for Ni in the bilayer (open) and in the trilayer (closed 
circles) and for Co (triangles). Co has a larger magnetization, but lower Tc than Ni. 
Therefore, the magnetization curves of Ni and Co cross eachother. The unusual shape 
of the Ni magnetization curve in the trilayer indicates a coupling-induced reorientation 
from the [110] (easy- axis of Co) to the [100] (easy- axis of Ni). The root-square- two 
relation between the two curves suggests that Ni stays always in a single-domain state. 



4 Summary 

Magnetic layers of reduced dimensionality coupled via a non-magnetic spacer are 
shown to have separate onset of ferromagnetism. Interlayer exchange coupling 
shifts the lower ordering temperature to higher temperatures. This phenomenon 
can be described properly only by taking into account the 2D nature of the 
layers. It can be used to manipulate Tc in layered magnetic structures, as it 
is a demand for technological purposes. The lower ordering temperature can 
be treated, from an experimental point of view, as a temperature of a phase 
transition. Therefore, we suggest that the 2D coupled magnetic layers present 
two phase transitions within the same conventions posed when measuring phase 
transitions in a real experiment. 
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Theory of Spin Excitations 

and the Microwave Response 

of Cylindrical Ferromagnetic Nanowires 



Doug Mills 

University of California, Irvine, Irvine, CA, USA 



Abstract. We develop the theory of exchange/dipole spin wave excitations of ferro- 
magnetic nanowires of cylindrical cross section, where the magnetization is parallel to 
the axis of the wire. In addition, we provide the theory of the microwave response of 
such structures, for the case where the nanowire is also a conductor. We present explicit 
calculations of both the mode structure of nanowires, and also their ferromagnetic reso- 
nance spectrum, with attention to recent experimental studies. We compare differences 
between the physical picture appropriate for the cylinder, with the well studied case of 
the ferromagnetic film. 



1 Introduction 

In recent years, very considerable attention has been devoted to the study of 
ultrathin ferromagnetic films, and magnetic multilayers formed from such films. 
Such systems have unique physical properties, by virtue of the fact that a 
large fraction of the magnetic ions reside in low symmetry sites at the film 
surfaces, thus providing strong anisotropies not found in bulk magnetic mat- 
ter constructed from the same ions. Also, in multilayers, exchange couplings 
between nearest neighbor films provide for diverse magnetic phases, spin reori- 
entation transitions induced by very modest applied magnetic fields, and other 
phenomena as well. Finally, important applications of magnetic multilayers have 
been realized, and more are envisioned. 

Other forms of magnetic nanostructures can be fabricated and studied as 
well. For example, Ebels and Wigen [1] have created arrays of very long ferro- 
magnetic nanowires of Ni, permalloy and Co, with diameters in the range of 30 
to 500 nm. These are very uniform in cross section, with lengths in the range of 
20 microns. They thus are realizations of nanowires one can reasonably view as 
infinite in length, to excellent approximation. These authors have carried out fer- 
romagnetic resonance studies of their samples, which consist of nanowire arrays, 
with individual entities accurately parallel to each other, but arranged randomly 
over a plane. 

The diameter range explored in these studies is such that when one con- 
siders the spin wave modes of an isolated nanowire, it is necessary to include 
both exchange and dipolar contributions to their excitation energy. The present 
paper presents the theory of such dipole/exchange spin wave modes of isolated 
ferromagnetic nanowires of circular cross section, for the case where the mag- 
netization is parallel to the symmetry axis of the wire. In addition, we provide 
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a description of the ferromagnetic resonance absorption spectrum, for the case 
where, as in the samples discussed above, the materials are metallic in nature. 
It is thus important to take into account the influence of the flnite skin depth, 
particularly for the larger diameters explored in these particular studies. 

There is a long history of the study of the magnetostatic spin wave modes of 
uniformly magnetized ferromagnets of various shapes [2] , with explicit attention 
to cylindrical samples [3]. However, little attention has been devoted to the 
inclusion of exchange, since these early studies were motivated by applications 
to ferrite samples of rather large dimensions. The structure of the spin wave 
modes accessible to microwave excitation in such samples are influenced little 
by exchange. In the particular case of samples of cylindrical shape, one study of 
the exchange dipole modes has appeared [4]; so far as we know, the text is not 
available in English, so its content is of limited accessibility. 

There are two interesting implications of the mode structure of the ferromag- 
netic nanowires. First, as we shall see below, at long wavelengths, the dispersion 
is controlled by the long ranged dipolar fields. While details are different, very 
much as in ultrathin films [5], [6], the dipolar contribution can produce down- 
ward curvature in the dispersion relation at long wavelengths. At larger wave 
vectors, the curvature is always positive, as a consequence of the presence of 
exchange. Thus, one realizes short wavelength spin wave modes degenerate in 
frequency with the uniform mode of the cylinder excited in ferromagnetic reso- 
nance. If the cylinder surfaces are not perfectly smooth, the two magnon dipolar 
mechanism operative in ultrathin films [6], [7] should then also be ’’active” in 
the ferromagnetic nanowires. This will lead to extrinsic contributions to the fer- 
romagnetic resonance linewidth similar to those demonstrated to be substantial 
in ultrathin ferromagnetic films [7]. 

Also, when the ferromagnetic resonance mode of the nanowire is excited, 
the precession of the magnetization leads to large magnetic fields outside the 
sample, in contrast to the case of thin films, where the field is confined to the 
film interior. There should then be strong interactions between nanowires, in 
dense arrays such as those explored by Ebels and Wigen [1]. The consequence of 
these interactions is not explored here, though our formal structure can be used 
for this purpose. 

In the discussion above, we have discussed on the experimental studies of 
Ebels and Wigen [1]. It should be remarked that Demokritov and Hillebrands 
[8] have carried out extensive studies of nanowire arrays. Their nanowires have 
rectangular cross section, however. It would be highly desirable to develop a 
theory of the dipole/exchange modes of such entities. We shall address such 
questions in future studies. 

The outline of this paper is as follows. In section II, we present the theory 
of the exchange/dipole spin wave modes, and in section III we provide numer- 
ical studies of the spin wave dispersion and ferromagnetic resonance response. 
We also discuss differences between the mode structure and response character- 
istics of the nanowire, and the well known case of the thin film. In regard to 
the microwave response, for the case where the sample is made of conducting 
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material, there are very substantial differences between the two cases. Section 
IV is devoted to concluding remarks. 

2 Theoretical Discussion 

In this section, we first present the theory of the spin wave excitations of a long 
ferromagnetic nanowire with circular cross section, and magnetization parallel 
to its axis. Then we turn to a description of its response to a spatially uniform 
microwave field, appropriate to a ferromagnetic resonance experiment. Through- 
out this section, the magnetization is assumed parallel to the z axis, which is 
also parallel to the symmetry axis of the nanowire. 

As mentioned in Section I, we develop here the theory of the spin waves of 
the nanowire, with emphasis on the regime where both exchange and dipolar 
couplings between the spins are comparable in magnitude. However, before we 
turn to this general analysis, it will be useful for what follows to have in hand a 
summary of the theory of dipolar spin waves, in the absence of exchange. This 
will serve also to introduce notation used throughout the paper. 

In the linearized version of spin wave theory, when a mode is excited the 
magnetization of the sample is given by 

iVT(r,t) = zMs xmx{r)exp{—if2t) ymy{r)exp{—if2t), (1) 

where for any nanowire of uniform cross section, rria{x^ y^z) = ma{x, y)exp{ikz) 
where k is the wave vector of the mode, in the direction parallel to the axis 
of symmetry. The precession of the magnetization generates a magnetic field 
of dipolar origin, with frequency Q. We call this h^. The dependence of the 
dipolar field on z is the same as that given above. In the absence of exchange, 
the components of the dipolar field and those of the transverse magnetization 
are linked by the constitutive relations, suppressing explicit reference to time 
dependence for brevity, 

m^{x,y) = xii^^)hi{x,y) + ix2{fi)h'^{x,y) ( 2 ) 



and 



my{x,y) = xi{(^)hy{x,y) - ix2{i^)hi{x,y), 

where for a ferromagnet, Xi(i7) = X 2 (^) = — 

If 7 is the gyromagnetic ratio and Hq an applied DC magnetic field par- 
allel to the magnetization, we have introduced f?H = 7^o and = jMs. 
Within the magnetostatic approximation, the dipole field may be expressed as 
the gradient of the magnetic potential, 

h^{r) = -V^M(r), (3) 

where again ^m(^) = ^M{x^y)exp{'^kz). Inside the nanowire, the induction 
b = -\- 47rm, while outside b = h^. The magnetostatic theory of spin waves. 
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with exchange ignored, follows by exploring the solutions of V-6 = 0 everywhere, 
with the solution subject to the condition that the normal (radial, in this case) 
component of h be continuous across the surface, while tangential (azimuthal, 
z) components of are continuous. Inside the cylinder, the magnetic potential 
satishes Walker’s equation [2] 

(l + + ■^)^M[x,y) - k‘^<pM(x,y) = 0 (4) 

while outside, one sets Xi(f2) to zero. We let /ii(i7) = l + 47rxi(i7) and /i 2 (f^) = 
Attx 2 {^) in what follows. 

For the problem of interest, we use cylindrical coordinates, and seek solutions 
for which the magnetic potential has the form ^m(p, 0) = fm{p)exp{im(l)). We 
shall focus our attention here on the frequency regime where /ii(i7) is positive. 
Then inside the nanowire, one has f^{p) = A/^(A;p//ii(i7) 2 ) while outside one 
has f^{p) = BKm{kp), where Im and are the modified Bessel functions. 

Application of the boundary conditions described above at the surface of the 
nanowire, where p = R, leads one to the implicit dispersion relation from which 
the frequency of the magnetostatic modes are found: 

J 'nm K'jkR) 

In this expression, and are derivatives of the modified Bessel functions 
with respect to their argument. 

For what follows, our interest will reside in the behavior of the magnetostatic 
modes at very long wavelengths, in the regime kR << 1. Through use of the 
appropriate series expansions for the modified Bessel functions in Eq. (2.5), one 
may obtain analytic expressions for the frequencies of the various modes. We 
denote, for a given choice of the wave vector k and the azimuthal quantum 
number m the frequency of the mode by i7^(A:). One then has 

\ni{k)\ = -fliik) =Ho + 2nMs - nMs{kR)^ln{^) + ... (6) 

rClL 

while for m > 1 

\OUk)\ = -f^m(k) = Ho + 2nMs - , + ... 

[m^ — 1 ) 

These results require some comment. First of all, when the azimuthal quantum 
number is positive, as assumed in deriving Eqs.(2.6), the frequencies are all 
negative, as one sees from these results. These modes all describe a circulation of 
energy in the counterclockwise sense around the cylinder, as one looks down the 
magnetization. If we had chosen the azimuthal quantum number negative, the 
frequencies would have all been positive; the frequency is an odd function of m 
as one can appreciate from the structure of Eq.(2.5). Thus the entire spectrum of 
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magnetostatic modes describes a circulation of energy around the magnetization, 
with the counterclockwise sense. 

As the wave vector k 0, all the magnetostatic modes approach the fre- 
quency H{^^2'kMs- This is the ferromagnetic resonance frequency of the cylindri- 
cal nanowire. When this uniform ferromagnetic resonance mode is excited, the 
transverse magnetization engages in circular precession about the static mag- 
netization, and generates an internal, spatially uniform demagnetizing field of 
strength 27tMs as it does so. As we move off to finite wave vectors, the magnetic 
dipole interactions produce a negative dispersion initially, so the frequency of 
the spin wave modes drops below that of the ferromagnetic resonance mode. 
We will see below that when exchange is added, a positive contribution to the 
dispersion is produced for many of the modes, so the minimum frequency can 
lie away from k = 0. 

A complete description of the spin wave modes of the cylinder requires us to 
include the influence of exchange. We now turn to this question. 

In the macroscopic description of the spin excitations, the magnetic field 

inside and outside the cylinder is still described through introduction of a 
magnetic potential as in Eq.(2.3), and we still require that V • h = 0 everywhere, 
just as before. However, we no longer can utilize Eqs.(2.2) to relate the transverse 
magnetization components to the dipolar field. We must resort to the Landau- 
Lifshitz equation of motion instead, and in this one incorporates the exchange 
field a given spin experiences from its neighbors. This may be done by replacing 
the spatially uniform DC magnetic field by the effective field i(i7o — DV^), where 
D is the exchange stiffness. This leads us to the following relations: 

= {Ho - DV^)my + Ms^ (7) 



-if2my = {Ho - W)m, - 

while inside the material, the V • 6 = 0 condition becomes 






dy 



Outside the material, the magnetic potential satisfies Laplace’s equation. 
Of course, when the exchange stiffness is set to zero, Eq. (2.7a) and Eq.(2.7b) 
produce results equivalent to those in Eqs. (2.2). 

Some manipulation is required to cast Eqs. (2.7) into a form where one 
may extract the structure of the solution, for the geometry of present interest. 
We first rewrite the equations, to express them in terms of the right and left 
circularly polarized variables = rrix ± irriy^ and similarly for the dipole 

field components. Then Eqs. (2.7) are replaced by 

{H + Ho- DV‘^)m+ = Msh%, 



(8) 
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{n-Ho + DV^)m- = -Mshi, 



and 



V ~ 27T 



d .d d .d 



= 0 . 



In what follows, we shall utilize the identities 

where = {d"^ jdx^ + d“^ jdy^). We next introduce the auxiliary quantities 



( 9 ) 



and 






f / 9 _L ■ ^ N 



( 10 ) 



Then one may rewrite Eq. (2.8c) to read 

/+ + /- = 

while Eq. (2.8a) and Eq. (2.8b) may be rearranged to state 

t?(/+ + /_) + {Ho - W2)(/+ - /_) = 0, 

and 



( 11 ) 

( 12 ) 



f2(f+ - /_) + (Ho - Dy^){f+ + /_) = -2MsVi^M. 

Upon combining Eq. (2.12a) with Eq. (2.12b), one may relate (/+ — /-) to 
the potential When this statement and Eq. (2.11) are substituted into Eq. 
( 2 . 21 a), we obtain a homogeneous equation that must be satisfied by the mag- 
netic potential: 

[{DV^ - Ho){DV^ - Bo)] + inMsiDV^ - Ho)~^^m = 0. (13) 

In Eq.(2.13), we introduce Bq = Hq AttMs- 

One finds that Eq. (2.13) admits solutions of the form 

0, z) = Jjn{i^p)exp{im(j) + ikz) (14) 

If Eq.(2.14) is inserted into Eq.(2.13), and one notes that 

Ad d ,9 ^ , 

2^)Jm{i^p) = 0, 

p dp dp p^ 



(15) 




Theory of Spin Excitations 303 



then for Eq.(2.14) to be a solution of Eq. (2.13), Hi must be a root of 

D^{k^ + ef + D{Ho + Bo)(k^ + fc2)2 

+{HoBo -fH- 47rMs£)fc2)(K2 + fc^) - ATtUsHok^ = 0 (16) 

Since Eq. (2.16) is a cubic equation in for each choice of m and k, there are 
three linearly independent solutions of Eq. (2.14). Thus, we write the magnetic 
potential inside the material in the form 

3 

^m(p,4>,z) = T. AiJm{nip)exp{im4> + ikz). (17) 

Outside the cylinder, the magnetic potential satisfies Laplace’s equation precisely 
as in the magnetostatic theory, so once again ioi p > R we have 

0, z) = BKjn{kp)exp{im(j) + ikz) (18) 



To find the dispersion relation of the spin waves, through application of the 
boundary conditions, we shall obtain four homogeneous equations for the four 
coefficients in the magnetic potential, as displayed in Eq. (2.17) and Eq.(2.18). 
Two of the boundary conditions are continuity of the magnetic potential (this 
assures continuity of tangential components of h^) and continuity of bp. We shall 
have two other boundary conditions on the transverse components of magneti- 
zation, stated below. To apply the boundary conditions, within the material we 
need explicit expressions for the radial and azimuthal components of the trans- 
verse magnetization. To obtain these, we expand these components in a Bessel 
function series and use Eq. (2.8a) and Eq. (2.8b), noting Eq.(2.15). The following 
operator identities are useful: 



d 

dx 



. d 

^ dy 





(19) 



and 



A 

dx ^ dy 



= e 



(T 

^dp 



i d 
p d(j) 



)■ 



One finds the following expressions for the two components of magnetization: 



m+{p,4>,z) = 
and 

m-{p,(t),z) = 



lD(sf + k^) + Ho + f2]^ 



Ms ( HiAiJjn-i[sip) 



exp{i{m + l)(j) + ikz).{2A) 



exp{i{m — 1)0 + ikz). 



The two boundary conditions which supplement those of magnetostatics refer 
to the behavior of the magnetization at the cylinder surface. If one considers 
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an idealized Heisenberg ferromagnet, and examines the behavior of the spin 
wave eigenfunction at the sample surface, in the long wave length limit, it is 
well know that one must require that the normal derivative of the transverse 
components of magnetization vanish there. We wish to consider the possibility 
that surface anisotropy is present on the cylinder surface; its presence influences 
the boundary condition. We assume that the surface anisotropy contributes a 
term to the surface energy of our cylinder in the form —Ks{mp/MsY ^ where 
the units of Ks is eTgsjcw? . When Ks is positive, the normal to the surface is 
an easy axis, and when it is negative, the normal to the surface is a hard axis. In 
terms of the standardly defined exchange stiffness used often in the literature on 
ferromagnetism, then the boundary conditions for the transverse magnetization 
become 



( dm^\ 

V dp i = 



= 0 , 



( 21 ) 



A 





mplp=B = 0 



The exchange stiffness D in our formulae has units of gauss /cm?. It is proper- 
tional to H, and in fact D = 2Aj where is the Bohr magneton. 

This completes our discussion of the formalism for the description of the 
exchange/dipole spin wave excitations of a ferromagnetic nanowire of cylindrical 
cross section. We describe numerical calculations based on this description in 
section III. We turn next to the theory of the microwave response of a conducting 
ferromagnetic nanowire, before we present the numerical results. 



2.1 The Microwave Response 

of an Isolated Ferromagnetic Nanowire 

In this section, we present the theory of the microwave response of the nanowire 
considered above, with exchange and the presence of surface anisotropy included. 
The geometry is the same as that considered in the previous section. We have 
a nanowire, whose saturation magnetization is directed parallel to its symmetry 
axis. It is the case as well that the samples employed in the experiments which 
motivated this study are metallic in nature, so we wish to include the influence 
of the conductivity of the wire on its response. In essence, the microwave fields 
to which the wire is exposed create eddy currents which produce a finite skin 
depth. This influences the spatial profile of the exciting field within the sample, 
though the discussion presented in section III will show that the influence of the 
skin depth is much more modest for the cylindrical geometry, compared to the 
ultrathin film. 

In what follows, it is assumed that the microwave magnetic field of interest is 
spatially uniform far from the wire, and is parallel to the x direction. All quan- 
tities will be assumed independent of z in what follows. Such a microwave field 
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excites the magnetization of the sample, of course, so the field is inhomogeneous 
near the wire, but always in the plane, and independent of z. By Faraday’s Law, 
the time varying magnetic field generates an electric field, parallel to z. It is 
this electric field which is responsible for the eddy currents in the conducting 
material that lead to the skin effect. 

We may describe these fields by introducing the vector potential 

A{x, y] t) = zA{x, y)exp{—iQt). (22) 



Then, upon dropping explicit reference to the time dependence of various quan- 
tities once again, the electric field is given by 

e(x,y) = AzA{x,y). (23) 

The magnetic field h is linked to the electric field via 

^ , 47t . 47Tcr ^ 2i ^ ^ - 

V X h = — j = ze = 79 zA, (24) 

C C Oq 

where a is the conductivity of the material. We have introduced the classical 
skin depth = c/(27rcri7) 2 . In Eq. ( 2 . 24 ), we ignore the displacement current 
term in the Maxwell equation. If this were to be included, its infiuence can be 
absorbed into a correction to the formula for the skin depth. The correction is 
of no quantitative importance at microwave frequencies, for typical metals. 

The magnetic induction h = V x A, and of course h = b — Anm. When these 
statements are combined with Eq.(2.24), and it is noted that all quantities are 
independent of z, we find 



[Vi + |]A = 47T[ 



drrix 

dy 



duly. 



(25) 



where the operator is introduced just after Eq. (2.9). Additional relations 
between the magnetization and the vector potential follow from the Landau 
Lifshitz equations. We use analogs of Eqs.(2.7), where now the field = V x 
A — 47rm, rather than —^(j)M as earlier, and we also add to the right hand side 
the damping term (G/Mg){M x dMjdt), with G the Gilbert damping factor. 
We then find, with all quantities once again expressed in magnetic field units. 



iQuix 



Bo - DVl 



rriy + Ms 



dA 

dx 



(26) 



and 



iQrriy = 



Bo - DVl 



dA 

nix + Ms 

dy 



We have introduced = iLo + where g = Gj^Ms^ After a bit of 

manipulation, from Eqs. (2.26), we may obtain the statement that 

[{Bo - DVlf - (^ _ _ Ms{Bo - DVDvIA = 0, (27) 
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which when combined with Eq. (2.25) provides us with two equations that link 
the vector potential with the quantity 



F{x,y) 



drrix duly 
dy dx 



(28) 



For constructing explicit expressions for the components of transverse magneti- 
zation, it is useful to note the relation 



if2{ 



drrinc dm. 



) = 



Bo - -DVi 



F + MsV\A 



(29) 



dx dy 

The combination of Eq. (2.25) and Eq.(2.27) admit solutions of the form 

A = aJm{i^p)exp{im(p) (30) 

and 



F = bJm{np)exp{im(l)) 



When these forms are substituted into the two equations, we find that k. satisfies 



2iD‘^ 

2{Ho + 2t,Ms)D - 



0 J 



+ 



BoHo - - ^2^ 



^0^ 






= 0 . 



(31) 



Here we have Hq = Notice in the limit that the skin depth is allowed to 

become infinite and also when damping is ignored, Eq.(2.31) reduces to Eq.(2.13) 
if there we set k equal to zero. 

There are three independent solutions of Eq. (2.31) for hi. Thus, the most 
general solution for the vector potential in the medium, with the azimuthal 
variation as given in Eq. (2.30a), is 



3 

A{p, 4>) = '^ aiJm{Kip)exp{irrup). (32) 

i=l 



For the purpose of applying boundary conditions at the surface of the cylinder, 
we require explicit expressions for the magnetization, and for the components 
of magnetic field generated by the motion of the magnetization. It is most con- 
venient for these to be expressed in cylindrical components. After some algebra 
which employs standard Bessel function identities, we find 



mp{p,(t>) 



Ms 

* 2 



3 

y^^ciiKi 

i=l 



Jm-\-l i^iP) 



+ 



Jm—l i^iP) 
Bq + Dhi^ — Q 



exp{im(t))^ (33) 
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m^{p, <t>) 



Ms 
^ 2 



3 

i=l 



Jm+1 i^iP) 
Bq -\- Dtv^ T f2 



Bq -\- Dti^ — Q 



exp{im(l)), 



bp(p^ 0) 



im 

P 



3 

ip)exp{im(j)) ^ 

2=1 



(34) 



b4,{p, (p) 



1 

2 



3 

Y {Jm+i{fiip) - Jm-i{>^ip)} exp{im(t)) 
2=1 



(35) 



and the electric field is given in Eq.(2.23). We now need to match the interior 
solutions just described to the fields outside the cylindrical nanowire. It is a 
simple matter to generate expressions for the magnetic and electric field in the 
vacuum outside, following a simplified version of the method just given. One may 
generate an expression for the vector potential in spherical coordinates through 
the wave equation in vacuum, then use this to find the components of the various 
fields. We do this assuming the limit QRjc << 1 applies for the nanostructures 
of interest; in the near vicinity of the nanowire, the incident microwave field is 
viewed as spatially uniform, with magnitude ho, and also parallel to the x axis. 
We have outside the cylinder the incident field, supplemented by that generated 
by the motion of the magnetization in the nanowire; the latter will vary with 
the azimuthal angle as exp{-Yi(j)) in the limit the incident field is approximated 
as spatially uniform outside the wire. Then for the helds outside we hnd 



(p, 0) = hocos{(f)) + i^exp{i(})) + i — exp^-icj)) 



(36) 



{p, 4>) = hosin{4>) + ^exp{i(p) + ^exp{-i4>) 



and for the magnitude of the electric field, we have 



e(p, (p) = i 



■?{ 



hopsin{(j)) + —exp{i<^) + —exp{—i 



(</))| . 



Our next task is to apply the boundary conditions. The solutions inside the 
medium are formed by superimposing the m = +1 and m = —1 forms given 
above. Thus, we have six unknown amplitudes associated with the solution in 
the interior of the wire, and as one sees from Eqs. (2.36) there are two more 
associated with the fields outside, for a total of eight. The boundary conditions 
on the fields are of course that the magnitude of the (tangential) electric held 
be conserved across the boundary, along with continuity of bp and h^. The 
conservation of bp and tangential electric held yield identical constraints, so from 
the held conservation conditions, we have two independent statements. We also 
apply the boundary conditions on the magnetization given in Eqs. (2.21). When 
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these four statements are broken down, with components proportional to and 
components proportional to exp(+z0) separated, we obtain eight inhomogeneous 
equations from which the unknown amplitudes may be expressed in terms of ho- 
We will not quote the explicit form of these statements here, since they may be 
derived readily from the information given above. 

As remarked earlier, in section III, we present a series of numerical studies 
based on the formalism just given. 

3 Numerical Studies of the Exchange/Dipole 

Spin Wave Modes and the Microwave Response 
of Ferromagnetic Nanowires 

3.1 The Nature of the Spin Wave Modes 

First, we begin with some general remarks. An interesting question is the initial 
behavior of the spin wave dispersion curves in the limit of small wave vector k. 
If initially, there is downward curvature, then the minimum frequency of a given 
branch will be at a finite, non-zero wave vector, since we can expect exchange to 
dominate at large values of the wave vector. Conversely, if the initial curvature 
is positive, then we may expect the minimum to reside at zero wave vector. 

To examine this behavior, as one sees from Eqs. (2.6), we need to consider 
the case m = 1 separately from the case where m > 1. As we have seen from 
section 11(b), the zero wave vector modes with m = 1 are the modes excited by 
a spatially uniform microwave field. 

We may expect exchange to add a term to the dispersion relation propor- 
tional to Dk^ ^ of course. If we then examine Eq. (2.6a), we see that by virtue 
of the logarithmic term, in the long wavelength limit, the negative dispersion 
from the dipolar contribution will always dominate that from exchange. How- 
ever, since the prefactor of the logarithm is proportional to {kR)‘^, for nanowires 
of small radii the dipolar term will assert itself only at very small values of the 
wave vector. One sees easily that the dipolar term will dominate the long wave- 
length form of the dispersion relation only when k < {2/ R)exp{—D/7rMsR‘^). 
Thus, while for m = 1, we expect the minimum frequency of the magnetostatic 
mode to always lie away from zero wave vector, but in numerical calculations for 
nanowires of small radii, the initial negative dispersion will be a subtle feature. 
At larger values of the radius, we will see the negative dispersion clearly. 

Eor the modes with m > 2, from Eq.(2.6b), we see that the dipolar con- 
tributions to the dispersion provide negative dispersion in the form of a term 
quadratic in the wave vector, with prefactor scaling also as R^. Since an exchange 
contribution Dk‘^ is independent of radius, we expect to see positive dispersion 
in these modes for nanowires of small radii, and then for nanowires of larger 
radii, we will realize negative dispersion initially, with the minimum frequency 
of a given branch shifted away from zero wave vector. 

One may cast the discussion of the spin wave dispersion relation in terms 
of two dimensionless parameters, h = HqIAttMs^ and p = l/R^ and , where 
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Fig. 1. For the case where m = 1, and for h = Ho/4:7rMs = .19, we show the spin wave 
frequencies plotted as a function of log (kR) for (a) p = 2, and (b) p = .2, where p is 
the ratio of the exchange length defined in the text and the radius of the nanowire. 



I = {D/4:7rMs)i is an exchange length. For Ni, the exchange length is roughly 
58 A, while for Fe it is 35 A. In what follows, we use the reduced frequency 
uo = i7/47rM5, and the frequencies will be plotted against the logarithm of kR. 

In Fig. (la), for m = 1 and for /i = .19 (this corresponds to an applied DC 
field of 4 kgauss for Fe), we show the spin wave dispersion for the case where 
p = 2. Within the range of frequencies displayed, there is one mode only, which 
in the limit of zero wave vector approaches the FMR frequency, which in our 
dimensionless units has the frequency h The negative dispersion at small 
wave vectors discussed above does not show, on the scale of this plot. Clearly, by 
the time the parameter kR approaches unity, the excitation energy of the spin 
wave is dominated by exchange for nanowires of such small radius. In Fig. (lb), 
for the same applied magnetic field, and again for m = 1, we show dispersion 
curves for nanowires of much larger radius, where p = 0.2. We now see several 
standing wave exchange branches, whose frequency at zero wave vector is above 
that of the FMR mode. Also, at these larger radii, for the mode that approaches 
the FMR frequency at long wavelengths, the negative dispersion at small wave 
vectors is now evident in the plot. 
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Fig. 2. For m = 1, /i = .19 and p = .05, we show the spin wave frequencies of the 
nanowire plotted as a function of log {kR). 



We find very interesting behavior at much larger radii, as illustrated in Fig. 2. 
These calculations again are for m = 1, and h = .19, but now we have p = 0.05. 
In the case of Ni, this would describe a nanowire whose radius is a bit under 
1200 A. We now have a larger number of more closely spaced exchange branches, 
as expected, but now notice that there are two exchange modes which lie below 
the ferromagnetic resonance frequency, in the limit of zero wave vector. The 
magnetostatic mode that approaches the FMR frequency as A: ^ 0 shows large 
negative dispersion at small wave vectors, until exchange takes over, and in fact 
we see that the magnetostatic mode hybridizes with the low frequency exchange 
modes, as the wave vector increases. 

This set of dispersion curves, and the comparison between Fig. 2 and Fig. 1(b) 
requires some comment. Let us consider the basic solutions we encounter in the 
limit the wave vector k is zero. If we think of infinitely extended ferromagnetic 
matter for the moment, then we shall have spin waves that propagate within 
the xy plane, whose frequency is given by the well known expression = 

[{Hq + Dk?)(Ho + AttMs + , where we denote the in plane wave vector 

as K. When such a wave is confined to within a cylinder of finite radius R, k 
will obtain quantized values in the range of = nyr/R , where the lowest 

standing mode has n = 1. There is in addition a uniform mode of the cylinder, 
wherein the magnetization engages in perfectly circularly polarized precession at 
the FMR frequency Hq + 27tMs^ which, it will be noted, lies higher in frequency 
than = 0). In the cylinder, in the presence of the boundaries, the boundary 
conditions mix the uniform FMR mode with the standing wave exchange modes, 
so to speak. Now if the radius of the nanowire is so small that = n/R) lies 
above the FMR frequency, we have a situation where one of the modes, which 
we have referred to above as the magnetostatic mode, approaches the FMR 
frequency as A; ^ 0, while all the standing wave exchange modes lie above this 
frequency. This is the case for the example given in Fig. 1(b). Now as the radius 
of the cylinder is increased, one or more of the modes of frequency Q{nn) will 
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Fig. 3. For m = 2, /i = .19 and (a) p = .2, and (b) p = .05, we show the spin wave 
frequencies plotted as a function of log {kR). 



drop below the FMR frequency. In the limit /c ^ 0 , we thus have standing 
wave exchange modes which lie below the FMR frequency. This is the case for 
the example in Fig. 2. The magnetostatic mode, which approaches the FMR 
frequency in this limit, exhibits negative dispersion at small wave vectors as 
expected from Eq. (2.6a), and the boundary conditions lead to the hybridization 
with the exchange modes evident in Fig. 2. 

The situation just described is very different than realized in the much studied 
case of the thin film magnetized parallel to its surfaces. We still have the in plane 
standing wave exchange modes, with the frequency just as above, but now 
the uniform mode that mixes with these is elliptically polarized, with frequency 
+ dTrM^)] 2 = i?(0). The standing wave spin waves always lie above the 
ferromagnetic resonance frequency. 

These comments have implications for ferromagnetic resonance studies for 
nanowires, where the response of the sample is probed at fixed frequency, and 
the external DC magnetic field is swept. In the thin film, the standing wave 
exchange resonances are always found at resonance fields below the main FMR 
resonance field (provided, of course, there are no perturbations at the boundary 
so large as to produce spin waves tightly bound to the surface). It will be the 
case as well that in nanowires of small radius, the standing wave resonances will 
lie lower in field than the main FMR line. However as the radius of the nanowire 
is increased, one reaches a point where one may find standing wave resonances 
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Fig. 4. For m = 3, h = .19, and (a) p = .2 and (b) p = .05, we show the spin wave 
frequencies plotted as a function of log (kR). 



of the structure at fields above the FMR field; such lines will be produced by 
the exchange modes that have dropped below the FMR frequency. 

In Fig. (3) and in Fig. (4), we show dispersion curves for modes with m = 2 
and m = 3, respectively. One sees that for the samples of small diameter, the 
dispersion is positive at long wavelengths, whereas one sees negative dispersion 
at larger radii, as expected from the discussion above. 



3.2 The Microwave Response 

of Conducting Ferromagnetic Nanowires 

We next turn to studies of the microwave response of ferromagnetic nanowires, 
utilizing the formalism given in Section 11(b). All computations below use pa- 
rameters appropriate to Ni at room temperature, with the experiments of ref. 
[1] in mind. We take Ms = ASOgauss^ the g factor to be 2.15, the spin wave 
exchange stiffness as D = 2 x gauss / cm^ and for the purposes of including 

the influence of the skin depth on the response, the electrical resistivity is 7 
micro ohm-cm. This gives a classical skin depth in the range of a micron at 10 
GHz, which is very much larger than the radii of the nanowires considered here. 

For the purposes of calculating the FMR spectra, we consider a quantity 
r defined as follows. As we have seen in section 11(b), the precessing magneti- 
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zation of the wire creates a strong magnetic field outside the wire, which falls 
off inversely with the square of the distance from the axis of symmetry, as we 
see from Eq. (2.36a) and Eq. (2.36b). The coupling of the nanowire to a de- 
tector will scale as the square of the strength of this field. We define F to be 
r = {{hpY F where the angular brackets denote an average 

over the circumference of the wire. 

Before we present our results, we comment on the role of the spin depth in 
the present analysis. Our point is that it differs qualitatively for nanowires from 
the case of the thin film. Eirst of all, in a conducting magnetic medium, the 
skin depth is influenced not only by the conductivity of the material, but by 
its magnetization as well. To good approximation [9], in place of the classical 
skin depth (^o = c/(27ra;cr) 2 , penetration of microwave fields is controlled by 

= c/(27ro;cr/iy) 2 , where fiy = (/if — /iD/z^i E the Voigt susceptibility. Here 
/ii = 1 + 47 txi, and /i 2 = 47tx2 5 with xi X 2 the dynamic susceptibilities 
defined in Eqs. (2.2). Eor the picture used here in section 11(a), one has fiy = 
{Bl - q‘^)/{HqB^ - n^). 

Now if we wish to consider the ferromagnetic resonance response of thin films, 
note that their resonance frequency is . At precisely this frequency, 

the Voigt susceptibility diverges, if we examine the simple expression above. A 
consequence is the skin depth collapses to zero. Of course, dissipative effects not 
included in the simple expression just given limit the divergence, but it is the case 
that the skin depth collapses to a small value, as one scans through resonance. 
In a high quality ferromagnetic metal such as Ee, the effective skin depth on 
resonance can be as small as 500 Angstroms, in the 10 GHz frequency range. 
The very strong frequency dependence of the skin depth as one scans through 
resonance means it is essential to include its role, in the discussion of microwave 
response of thin, conducting ferromagnetic films. In ref. [9]. and earlier references 
cited therein, one sees strong influences of the frequency dependence of the skin 
depth, including the ’’window” near Bq where the skin depth becomes very large. 

In the ferromagnetic nanowires, we are concerned with much higher frequen- 
cies, near where there is no particular resonance or strong frequency 

dependence in the Voigt susceptibility. The penetration depth of the fields differs 
only nominally for that expected in the absence of the magnetic response. Thus, 
for nanowires with radius small compared to the classical skin depth, their finite, 
metallic conductivity has at most a modest influence on their response. 

Eurther comments along these lines are of interest. To return to the case of the 
thin metallic film, if the film has thickness small compared to the renormalized 
skin depth on resonance, a situation encountered commonly in the study of the 
EMR of ultrathin films, one might suppose that within the film, the microwave 
exciting field is uniform to excellent approximation. This is not the case, if the 
film is illuminated by a microwave field incident from one side. In such a case, 
it is an elementary matter to see that within the film, if its thickness d is thin 
compared to the skin depth, and also the skin depth is thin compared to a 
vacuum wavelength, the spatial variation h{z) of the microwave magnetic field 
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within the hlms is well approximated by, with ko = i?/c, 



h{z) = 2/io 



(1 — zjd) ^ ko6‘^/2d 
1 + koSj^/ d 



(2.37) 



Thus, even if the film is very thin compared to the skin depth, the field drops 
linearly from a value very close to 2ho at the surface exposed the microwaves, 
to hok()5‘l^/d at the back surface; the field is highly non uniform within the film, 
until one reaches thicknesses where k^Sj^/d is of order unity. 

The physical origin of the highly non uniform magnetic field distribution 
within a film illuminated from one side, even though its thickness may be small 
compared to the skin depth, is the poor impedance mismatch between the elec- 
tromagnetic disturbance within the film, and the transmitted wave on the output 
surface. The magnetic field thus drops from a value roughly twice that of the 
incident field on the illuminated surface, to a very small value on the backside 
of the film. Quite in contrast to this, our conducting nanowire is embedded in a 
spatially uniform magnetic field, so the profile within the wire is not influenced 
by such considerations. If the wire radius is small compared to the classical skin 
depth, the exciting field the wire will be rather uniform in character. 

We now present a summary of our studies of the microwave response. The 
principal conclusions can be summarized quite briefly. 

First of all, we have seen that the nanowire admits a rich spectrum of ex- 
change dipole modes in the vicinity of A: = 0 for the modes with azimuthal 
quantum number m = 1. We have modes both above and below that of the 
ferromagnetic resonance frequency, for nanowire diameters in the range of a few 
hundred Angstroms or more. However, if we assume that the surface anisotropy 
Ks vanishes, then the only mode we see in the calculated spectrum is the main 
ferromagnetic resonance mode itself. We have searched even for weak structures 
from exchange/dipole modes removed from the main FMR mode, to hnd no ev- 
idence of absorption features. It is very much as if there is a hidden theorem we 
have not been able to prove analytically which forbids all modes other than the 
FMR mode to be active in microwave excitation when Ks = 0. It is well known 
that in the elementary Heisenberg ferromagnet, the standing spin wave reso- 
nances are ’’silent” in the absence of surface spin pinning produced by surface 
anisotropy, in the limit the microwave exciting field may be viewed as uniform 
within the film. We were surprised to see the complete absence of all modes 
except the main FMR mode in our numerical studies of the ideal nanowire, with 
surface anisotropy absent. In our minds, the existence of a selection rule is not 
obvious. 

We illustrate these remarks in Fig. 5, which shows a portion of the low held 
wing of the main FMR line of a Ni nanowire 1000 Angstroms in diameter. We 
have assumed the frequency is 34.4 GHz, as utilized in ref. [1]. Thus, the reso- 
nance held is a bit above 8kG, for our parameters. In Fig. 5(a), we show a region 
of the low frequency wing, calculated for the case where surface anisotropy is 
absent. One can perceive no structure whatsoever from exchange/dipole modes. 
Yet modes exist in this held regime, and illustrated in the inset, where we plot 
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Fig. 5. We illustrate the role of surface anisotropy in activating the standing wave ex- 
change/dipole satellite modes in the ferromagnetic resonance spectrum of the nanowire. 
The calculations are for a Ni nanowire with radius 1000 Angstroms, and focus on the 
low field wing of the absorption line. We calculate the derivative with respect to DC 
field of the ratio F defined in the text for (a) the case where the surface anisotropy 
is zero, and (b) where Ks = —O.SergsIcm^. The two insets show the inverse of the 
determinant of the matrix that must be inverted to solve for the magnetization ampli- 
tude. The peaks are the positions of the spin wave normal modes. We have used the 
rather small value G = .5 x 10^sec“^ for the Gilbert damping function, to enhance the 
satellite features. 



the inverse of the determinant that must be evaluated to find the various field 
amplitudes in section 11(b). This determinant has a peak at the field where an 
exchange dipole mode occurs. 

If surface anisotropy is introduced, then the exchange dipole modes ’Tight 
up” as illustrated in Fig. 5(b). The results displayed here are for the choice 
Ks = —^.?>ergs/cm?^ which is a substantial value of the surface anisotropy. Spin 
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Fig. 6. For three values of the radius of Ni nanowires, (a) 350 Angstroms, (b) 800 
Angstroms, and (c) 2700 Angstroms, we show calculated ferromagnetic resonance spec- 
tra. The calculations employ G = 2.5 x 10^ sec~^ which is a realistic value for Ni, and 
we have taken Ks = —O.S5ergs/cm^. 



pinning to this degree may be realized at the surface if, for example, an oxide 
layer is present. The principal satellite at the higher field has an intensity of 
about 1% of that of the main FMR line. 

In situations where the nanowire radius is such that an exchange/dipole 
mode lies quite close in frequency to the FMR mode, the mixing of the two 
by the boundary conditions can endow the satellite with appreciable integrated 
strength. This is illustrated in spectra taken by Ebels and Wigen [1]. These 
authors explore the FMR spectra of Ni nanowires with radius 350, 800, 2700 
and 5000 Angstroms. With the exception of the 800 Angstrom sample, a single 
absorption line is observed. However, for the 800 Angstrom sample, there is a 
clear doublet. In Fig. 6, we show calculations of the spectrum for three of the 
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sample radii, and indeed we find a doublet very similar in character to that 
observed. The relative oscillator strength of the two modes is given nicely, when 
theory is compared to experiment. Not displayed is the calculation for the 5000 
Angstrom case, which also shows a single feature as in the data. The calculations 
in Fig. (6) use Ks = —^.Sbergs/cm^^ corresponding to a hard axis normal 
to the nanowire surface. This is again a large value of the surface anisotropy, 
appropriate to a case where oxide is present on the surface. 

4 Concluding Remarks 

We have developed the theory of the exchange/dipole spin wave modes of fer- 
romagnetic nanowires of circular cross section, along with that of their response 
to spatially uniform microwave exciting fields. We also have presented studies 
of both the excitations in and the microwave response of samples quite similar 
to those explored in ref. [1], and compared the differences between the wire and 
the well know case of the thin film. We conclude with some additional remarks. 

The origin of the linewidth in such samples is of interest. Of course, there 
is the intrinsic linewidth, described in our phenomenology by the damping term 
in the Landau Lifshitz equation of motion. In addition, there will be extrinsic 
mechanisms operative as well. For the case of ultrathin ferromagnetic films, in 
recent work we have shown [6] that the two magnon mechanism considered many 
years ago as the source of extrinsic linewidth in the garnets [9] can operate in 
the ultrathin films as well, by virtue of the fact that in two dimensions, the long 
ranged dipolar interaction in combination with exchange produces an off center 
minimum in the spin wave dispersion relation, for a range of propagation direc- 
tions. This leads to spin wave modes of finite, non-zero wave vector degenerate 
with the zero wave vector FMR mode. Surface defects (or defects of any other 
sort) may then scatter energy from the FMR mode to the finite wave vector 
modes, producing a dephasing contribution to the linewidth. Our predictions 
seem confirmed by recent experiments [7]. One can inquire if the two magnon 
mechanism is operative in nanowires as well. 

In principle, this mechanism should be operative. First suppose we have a 
nanowire with undulating surfaces of such character that the wire is still form 
invariant under rotations about the z axis. Then from symmetry considerations, 
there will be a non-zero matrix element for scattering energy from the zero wave 
vector FMR mode of m = 1 character, to m = 1 modes of finite wave vector on 
the FMR branch which are degenerate with the FMR mode. We see when Eq. 
(2.6a) is supplemented by an exchange term that scales as Dk^ ^ there is always 
a minimum in the dispersion relation of m = 1 spin waves away from zero wave 
vector, and thus there always will be finite wave vector modes degenerate with 
the FMR mode. However, when R < Rc = (D/tvMs)^ , from the structure of 
the dispersion curve the minimum will lie quite near zero wave vector, and the 
number of degenerate modes will be rather small. When R > Rc, the minimum 
will be in the vicinity of /c = 1/R, and we expect the mechanism to be more 
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efficient. For Ni, Rc is roughly 100 Angstroms, and for Fe, perhaps a factor of 
two shorter. 

If the surface has, say, roughness of random character, so that azimuthal 
symmetry is no longer present, then the matrix element for scattering energy 
from the m = 1 FMR mode to modes with m > 1 is non-zero. The criterion 
R > Rc remains relevant, in that it is for these larger radii that the dispersion 
relation for the m > 1 magnetostatic modes (those which approach the FMR 
frequency as the wave vector vanishes) has an off center minimum. Also, this is 
a crude criterion for the appearance of zero wave vector modes below the FMR 
frequency of the cylinder, which is another source of finite wave vector modes 
degenerate with the FMR mode. 

The above discussion suggests that the two magnon mechanism should be 
relatively inefficient in very small radius nanowires with R < Rc^ but for larger 
nanowires we suggest it should be quite efficient. A detailed theory, beyond the 
scope of the present paper, will be required to explore this question further. 

Another aspect of the geometry considered here is the large microwave mag- 
netic field created outside the wire, by the precession of the magnetization. We 
see from Eq.(2.18) that for a spin wave with finite wave A;, we have a field that 
falls off as exp{—f<ip )/ far from the wire. For long wavelength modes, this field 
has a very long range. In the limit of zero wave vector, we see from Eqs.(2.36) 
that the field created by the precession of the magnetization falls off inversely 
with the square of the distance from the center of the wire. The existence of this 
large field outside the nanowire is a substantial difference that the situation with 
thin films. If, for the thin film, we consider the uniform precession mode excited 
in an EMR experiment, the macroscopic magnetic field created by precession of 
the magnetization is completely confined to within the film. There are ’’mag- 
netic poles” on the film surfaces associated with the precessing magnetization, 
but the field generated by these is confined to within the film itself, as in a con- 
denser plate problem. If we consider a spin wave whose wave vector parallel to 
the film surfaces is /c, there is a macroscopic field outside with the spatial varia- 
tion exp{—kz) if the film surfaces are parallel to the xy plane, but the prefactor 
which controls the strength of this field scales as A'KMs{kd)^ where d is the film 
thickness. This field is thus very weak in the thin film limit, or whenever the 
wavelength of the spin wave is large compared to the film thickness. 

The existence of these large fields outside the nanowire have interesting im- 
plication for samples such as those explored by the authors of ref. [1]. We have 
long ranged interactions between the nanowires, so one is led to explore the col- 
lective excitations of the nanowire array. In the particular case of the samples 
used by Ebels and Wigen, the nanowires are accurately parallel to each other, 
but randomly arrayed over a plane. We thus have a random 2D system with 
long ranged interactions. Indeed, if one were to excite spin waves of variable 
wavelength /c, as in a light scattering experiment, then the ratio of the aver- 
age interwire separation to the range of interaction can be varied. There is an 
analogy between this system, and the vortex glass state of 2D superconductors, 
where here the average vortex separation can be varied, but the range of the 
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interaction if fixed as the London penetration depth. In the case of nanowire 
arrays, the nature of their collective excitations will be a most interesting topic, 
for ordered and disordered arrays. 
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Abstract. Electrons with the spin polarization vector perpendicular to the magneti- 
zation are spin analyzed after transmission through ferromagnetic layers. Due to the 
exchange energy and the inelastic spin-dependent scattering in the ferromagnet, two 
types of motion of the spin polarization vector occur: a precession around the magne- 
tization and a rotation towards it. This spin motion is measured as a function of the 
thickness of the ferromagnetic film and of the electron energy for Fe, Co, and Ni. It 
is shown how the torque generated on the magnetization by the injection of picosec- 
ond pulses of spin-polarized electrons is sufficient to induce precessional magnetization 
reversal in nanosized magnetic samples. Spin injection establishes a new concept of 
writing magnetic bits which is extremely fast and requires far less energy compared to 
the conventional recording employing miniature electromagnets. 



1 Introduction 

If an electron beam traverses a ferromagnetic material, there is spin-dependent 
scattering as well as exchange interaction between the electrons in the beam 
and the electrons establishing the magnetization. In both processes, angular 
momentum may be transferred from the beam to the magnetization leading to 
excitations of the magnetization [1,2,3]. By injecting currents of high density 
through nanocontacts, these excitations have been observed via the occurrence 
of spin waves, permanent changes of the micromagnetic structure, or even a 
reversal of the magnetization direction [4, 5, 6, 7, 8]. All of these phenomena may 
occur together, and additionally, there may also be an effect of the magnetic 
field surrounding the injected beam of electrons. Hence it is difficult if not im- 
possible to understand and interpret most of the current experiments in terms 
of specific elementary processes. It is the purpose here to show that the torque 
acting on the magnetization by the injection of spin-polarized electrons can be 
determined experimentally without any further assumptions. This torque is sur- 
prisingly large and may be used to induce precessional magnetization reversal 
at minimal energy cost, leading to a new concept of writing magnetic bits in 
nanosized ferromagnetic materials. 

What is actually observed in this work is the spin motion of electrons trav- 
elling through a thin ferromagnetic layer. The spin polarization vector of both 
the incident and the outgoing electron beam is measured in our experiment. We 
observe a precession of the spin polarization about the magnetization direction. 
From this, the torque acting on the injected electrons by the magnetization M is 
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determined. By virtue of Newtons actio = reactio, the same torque is also exer- 
cised in turn by the spin-polarized electrons on M . We will show that this torque 
leads to significant precession of M at experimental current densities. With beam 
radii below 100 nm this exchange-induced precession is larger compared to the 
precession induced by the circular magnetic field of the injected current. There- 
fore, precessional magnetization reversal by injection of spin-polarized electrons 
is the method of choice for reversing M in magnetic bits such as used in magnetic 
random access memories for instance. In fact, we are proposing to technologically 
exploit the huge exchange fields present in ferromagnetic materials to switch the 
magnetization. It turns out that this concept may be applied to many magnetic 
materials because there is no significant difference in the exchange field per Bohr 
magneton in the elemental 3 d ferromagnets Fe, Co, and Ni. 

2 Theoretical Background 

2.1 Spin Motion of the Electron Beam 

When the interaction of spin-polarized electrons with a ferromagnetic material 
was investigated in the past, the spin polarization vector Pq of the incident elec- 
tron current was mostly oriented parallel or antiparallel to the magnetization M 
(in this paper the direction of M is defined as the direction of the majority spin); 
a configuration, in which a motion of the spin polarization vector cannot be ob- 
served. However, in order to fully understand the transmission of spin-polarized 
electrons through a ferromagnet it is important to observe the motion of the spin 
polarization vector as well. For this purpose electrons with Pq perpendicular to 
M are spin-analyzed after transmission through a ferromagnetic film. 

A general spin state of an electron is described by the wave function 

^ + C26 , 

in which and ^2 are two orthogonal wave functions corresponding to the two 
opposite spin orientations of the ferromagnet; c\ and C2 are complex numbers. 
For an ensemble of electrons the spin polarization vector P is given by the 
expectation values of the Pauli matrices cr^ {i = x, y, z): 

/ i^x)^ \ 

^ ~ I I • 

\ J 

We now consider a completely polarized electron beam propagating along 
the x-axis through a ferromagnetic material that is magnetized along the ^- 
axis. As we can restrict our discussion to nonrelativist ic electrons, the relative 
orientation of Pq with respect to the propagation direction is actually of no 
importance, yet we choose the initial spin polarization Pq along the direction of 
propagation, i.e. parallel to the x-axis. The incident spin wave function, which 
in this particular case is an eigenstate of the cr^ operator, is represented by a 
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coherent superposition of a majority-spin wave function 




(spin parallel 



to M) and a minority-spin wave function ^2 




(spin antiparallel to M): 



Then a phase difference e between the two spin functions develops as well as a 
spin-dependent attenuation of the amplitudes, while the electrons spend a time 
t within the ferromagnet. Therefore, the spin wave function representing the 
electrons leaving the ferromagnet is [9]: 

^ {^s/TTA ■ ■ 6 + VT^ ■ 

with the intensity asymmetry A = (/+ — I ~)/ (/+ I~)^ which is measured by 

measuring the transmitted current with Pq parallel to M (/^) and antiparallel 
to M (/“) [9]. Hence, the spin polarization vector of the transmitted electrons 
is: 

/ \/l — cose\ 

P = f Vl — A‘^ sin e j . 

This corresponds to a decrease of the angle 1 } enclosed by P and M and to a 
precession of P around M by an angle e (see Fig. 1). The angle i!) is calculated 
from the intensity asymmetry A: 






arctan 



A 



( 1 ) 



and thus its changes are caused by the spin-dependent scattering in the fer- 
romagnet. Because the minority-spin component of the spin wave function is 
preferentially attenuated, 'd decreases with t and the spin polarization vector 
rotates into the direction of M. The precession angle e, on the other hand, 
is determined by the difference AE^x = E 2 — Ei between the energies of the 
minority-spin {E 2 ) and the majority-spin function (F^i), the so-called exchange 
energy, e increases with t according to e = AE^^ ' t/h {h: Planck constant). 
Neglecting quantum resonance effects t is simply given by t = d/v [10], with d 
the thickness of the ferromagnetic film and v the group velocity of the electrons 
[11]. The precession angle e is thus given by [12] 

_ AEex • d 
h' V 

The specific precession angle e is the precession angle per unit film thickness. 
This yields e = e • d. 



( 2 ) 
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Fig. 1. Schematic drawing of the two types of movement of the spin polarization vector 
for \Pq\ = 1 (pure spin state). Due to the difference in the amplitude of the majority- 
spin and the minority-spin wave function, the spin polarization vector rotates towards 
the sample magnetization Af, i.e., the angle 'd decreases. The difference in the phase 
factors, on the other hand, causes the spin polarization vector to process around M 
by an angle of e 

The case of an incompletely spin-polarized electron beam (|Po| < 1) is 
treated with the density matrix [13]. The spin polarization vector of the trans- 
mitted electrons is then given by 



where Pq is parallel to the x-axis. 

2.2 The Torque Acting on the Magnetization by Spin Injection 

In the mean field approximation, the magnetization M of a ferromagnet pro- 
duces a molecular field or Weiss field given hyW = aM where a is the molecular 
field constant. The Weiss field is a function of both the electron energy and the 
linear momentum, and it is an axial field parallel to M . W exercises a torque 
Tg on any electron introduced into the ferromagnet with a component of its 
magnetic moment jUg perpendicular to M. This torque is given by 





Te = jUe X W = -{gfJiB/K)S X W 



324 



W. Weber, S. Riesen, and H.C. Siegmann 



with g the gyromagnetic factor, which is assumed in the following to be exactly 
2 as reasonable for nonrelativistic electrons, (Ib the Bohr magneton and s the 
injected electron spin. Tg leads to precession of s around W with a frequency 
uOe = (ejm)W (e: elementary charge, m: mass of electron). Such spin or Larmor 
precession occurs also when a regular magnetic held is applied. However, W 
is by no means equivalent to a magnetic held as it produces no Lorentz force 
on the electrons, and as its changes with time do not induce eddy currents. It 
is precisely this difference to a magnetic held and the huge magnitude of W 
encountered in the 3d ferromagnets that make the technological application of 
the Weiss held extremely interesting. 

Once an electron has crossed the surface barrier potential and is inside the 
ferromagnet, we have a closed system with no external forces. Hence the total 
angular momentum L consisting of the angular momentum of the magnetization 
and the one of the injected spins must be conserved by virtue of Newtons actio 
= reactio, i.e., the total torque T = dL/dt = 0. Therefore 

Tg + Tm = 0 

where Tg is the torque acting on the ensemble of injected spin-polarized electrons 
and Tm is the torque exercised in turn on the magnetization. Consequently, 
by determining experimentally Tg, we have also measured Tm- /.From Tm, 
we can then calculate the precession frequency ojm of the magnetization, and 
determine the conditions for processional magnetization reversal. It turns out, 
that writing bits in magnetic recording by injection of spin-polarized electrons 
is much simpler and consumes many orders of magnitude less energy compared 
to traditional magnetic recording in which the electrons have to move through 
a coil producing a regular magnetic held. 

What is observed experimentally in the experiments is the angle e by which 
the spin polarization vector of the ensemble of injected electrons has processed 
on traversing the ferromagnetic him of thickness d without loosing energy. Ac- 
cording to the discussion in the proceeding chapter a linear thickness depen- 
dence of the precession angle is expected: e(d) = e • d. This is indeed observed 
as shown later in paragraph 4. With the precession frequency uJe = e ' v and 
the current density j = Ug • e • u of the injected electrons where Ug is the 
electron density, the torque (per unit volume) acting on the injected spins is 
Tg = \oOe X Tg| = Pq ' Ue ' uje ' (^/2) ' smd = (/i/2e) ' Pq ' j ' e • sini^. All quanti- 
ties determining Tg are thus determined by the experiment without any further 
assumptions. On the other hand, the torque (per unit volume) acting on the 
magnetization is Tm = \^m x Lm\ = • Lm • sini^. With Tm = Tg, the 

precession frequency of M is then obtained from: 

^0 • J • e 
= 

e • riM • 

where is the number of Bohr magnetons per atom and tim the density of the 
atoms in the ferromagnet. For simplicity, we have neglected the orbital contribu- 
tion to the magnetization by putting the angular momentum (per unit volume) 
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Lm = ' riM ' h/ 2. Again, all quantities entering eq. (4) can be measured 

directly. 

The spin polarization vector P relaxes into the direction of M. This relax- 
ation is characterized by the spin asymmetry A of the absorption of electrons 
in the ferromagnet as discussed in the preceeding chapter. The relaxation gen- 
erates a component of the spin polarization vector parallel to M. There is 
no torque generated in this process. But as P\\ increases, M must decrease to 
conserve the magnitude of the total angular momentum. The subsequent re- 
installment of the magnitude of M to its thermodynamic equilibrium involves 
localized and travelling spin waves and is not considered here. It is these spin 
waves that are commonly observed in the experiments. Note that they occur 
also with an initially unpolarized injected electron beam, as opposed to the spin 
waves excited by the precession of M. 

The axis of precession of M also changes direction in space as the injected 
electrons travel through the ferromagnet. This arises, because the torque Tg = 
—Tm is always perpendicular to M and P, hence the axis of precession changes 
direction with the precession of P. Yet, to use the torque Tm for precessional 
magnetization reversal, there has to be a preferred direction in the crystal lattice 
about which the magnetization must process. This can be achieved by making 
the ferromagnetic film thin compared to the pathlength on which P processes by 
7T. The experiments described in paragraph 4 show that the precession of P may 
be neglected altogether even in the most critical case of Fe if the ferromagnetic 
film is 1 nm thick. 

3 Experiment 

3.1 Experimental Setup 

In order to investigate the spin motion of electrons upon transmission across fer- 
romagnets, a “complete” spin-polarized electron scattering experiment must be 
set up. The experiment is sketched in Fig. 2. An electron source of the GaAs-type 
produces a spin-polarized electron beam with a degree of spin polarization |Po| 
= 25 % by means of optical pumping with circularly polarized light (wavelength: 
785 nm). By switching from right- to left-circular ly polarized light for excitation 
of the photoelectrons, we can invert the spin polarization vector Pq. It is also 
possible to produce an unpolarized electron beam by using linearly polarized 
light. By applying a combination of electric and magnetic helds to the electron 
beam, Pq can be rotated into any desired direction in space. For this purpose 
two solenoids are used, one to rotate the spin polarization around the x-axis 
and the other one to rotate it around the y-axis. The electron beam impinges 
normally onto a ferromagnetic him of varying thickness sandwiched between Au 
layers, which serve both as support and protection layers. The transmitted elec- 
trons are energy analyzed by a retarding held with an energy resolution of 0.5 eV 
(FWHM). The electrons are subsequently accelerated to an energy of 100 keV to 
determine the components of the spin polarization vector perpendicular to the 
x-axis, which is the propagation direction of the electrons, via Mott scattering. 




326 



W. Weber, S. Riesen, and H.C. Siegmann 



Since the x-component of the spin polarization vector cannot be measured with 
our set-up, the determination of the precession angle e is made in the following 
way. In a hrst experiment the spin polarization Pq of the incident electrons is 
rotated until Poy = Pqz = 0. Consequently, Pq must be aligned parallel to the 
x-axis. The spin polarization P{Pq\\x) of the transmitted electrons is then given 
by eq. (3). In a second experiment Pq is aligned parallel to the ^-axis, resulting 
in 

/ — Po\/l — sine\ 

P{Po\\y) = ( PoVl - cose j . 

Thus, the angle of precession e is obtained by measuring Py with Pq parallel to 
the x-axis and parallel to the ^-axis: 



e = arctan 



-fyPoljaO^ 

PviPoWy)]' 




Fig. 2. Scheme of the experiment. 1: Laser; 2: Polarizer; 3: Pockels cell (to change 
helicity of the circularly polarized light); 4: Electrostatic 90^-deflector; 5: Solenoids (to 
rotate Pq around the ^-axis); 6: GaAs crystal; 7: Solenoid (to rotate Pq around the 
x-axis); 8: Transfer electron optics; 9: Sample; 10: Solenoids (to remanently magnetize 
the sample along the z-axis); 11: Retarding field grid (as energy analyzer); 12: Transfer 
electron optics; 13-15: Spin detector (13: Accelerator; 14: Au-foil (for Mott scattering); 
15: Detectors) 



It is important to note that in our set-up, where electrons impinge normally 
onto the film and are collected within a symmetric cone of ±5^ after transmission. 
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spin-orbit interaction in the heavy element An cannot produce any additional 
spin polarization. This is proven by measuring the spin polarization of electrons 
which pass through a pure An film. Figure 3 shows that the spin polarization 
of the elastic electrons is not altered on passing through the Au film. Secondary 
electrons, on the other hand, which have suffered collisions, have a lower spin 
polarization due to admixture of unpolarized electrons excited from below the 
Fermi energy of the nonmagnetic Au. 




Energy loss [eV] 

Fig. 3. The degree of relative spin polarization P/Pq after the electron beam has 
traversed a pure Au-film is shown as a function of energy loss. Pq is the degree of spin 
polarization delivered by the electron source. The primary energy Ep of the incident 
electron beam is 5 eV above the Fermi energy Ep 



3.2 Samples 

In order to study the transport of electrons through a ferromagnetic sample, a 
film must be prepared through which at least an observable portion of a spin- 
polarized electron beam can penetrate. Since electron-electron scattering pro- 
duces inelastic mean free paths of the order of one nm or even less in transition 
metals [14], the film has to be extremly thin to observe the emerging electron 
beam. In fact, the experiment cannot be done with a self-supporting film of a 
transition metal. Rather, one has to make use of the fact that electron scattering 
is reduced in noble metals like Au. An Au-film of about 20 nm thickness as a 
substrate for the ferromagnetic transition metal attenuates low-energy electron 
beams by only 10“^ — 10“^ making it still possible to observe the transmitted 
electrons and to measure their spin polarization. Finally, the ferromagnetic Fe-, 
Co-, or Ni- films are capped with a protecting Au-layer of 2 nm thickness to 
prevent corrosion. The ferromagnetic films produced here are polycrystalline as 
probed by electron diffraction. 
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The trilayers are made in a separate UHV chamber on a substrate consisting 
of a him of nitrocellulose supported by a Si- wafer with a number of 0.5 mm 
wide apertures. All metals are deposited by electron beam bombardment (An: 
0.4 nm/min; Fe, Co, Ni: 0.2 nm/min). Their thicknesses are measured by a 
quartz microbalance, which was calibrated by prohlometry. As magnetic in-situ 
characterization the magneto-optic Kerr effect is used. Along the easy direction 
of magnetization induced by the oblique incidence of the atom beam during 
deposition, the hysteresis loops exhibit full magnetic remanence in zero external 
field. After the magnetic tests are completed, the complete sample is let to air 
and the nitrocellulose on the apertures is removed by putting the sample into 
acetone. The sample is then introduced through a load-lock system into the 
chamber with the spin-polarized electron source. There, the sample is sputtered 
to thin the supporting Au-layer until low-energy electrons are transmitted at an 
attenuation of 10“^ — 10“^. The Kerr hysteresis loops taken later show no obvious 
difference to the loops obtained just after deposition of the complete trilayers. 
If the supporting Au-layer is excessively thinned, the sandwiched magnetic film 
is attacked resulting in a reduction of the magnetization. 

Of crucial importance for the transmission experiments is the preparation 
of pinhole- free self-supporting trilayers. The easiest method to check for the 
existence of pinholes is to investigate the energy dependence of the transmitted 
elastic intensity. For primary electron energies around 30 eV the inelastic mean 
free path in Au is smallest [15]. In this case, electrons cannot penetrate unless 
they loose energy. Hence pinholes are not present if elastic electrons of energy 30 
eV are not observed. If there is the tiniest pinhole, the main part of the elastic 
signal observed at the backside of the trilayer is caused by electrons that have 
passed through the pinhole. 

4 Experimental Results for Fe, Co and Ni 

In fact, the precession of the electron spin polarization in the exchange field 
has been detected previously [9,12]. We now present comprehensive results for 
all three 3d elemental ferromagnets. Figure 4 shows the experimental precession 
angle e for Fe-, Co-, and Ni-films of different thicknesses at a primary electron 
energy E — Ep = 7 eV. If and inasmuch the precession is a bulk property of 
the ferromagnets, we expect a linear increase of the precession angle e with film 
thickness d according to eq. (2). We see that indeed a linear fit to the data 
describes the observations on all three ferromagnets very well, yielding their 
specific precession angle e as the slope of the fit. However, the e(d)-lines intercept 
e = 0 at film thicknesses do > 0. The magneto-optic Kerr effect plotted vs. d on 
the same samples showed a nonzero intercept of similar magnitude. This means 
that the two interface regions of the ferromagnetic film with joint thickness do 
do not contribute to the precession nor to the magnetization. Possible reasons 
for this include the absence or weakening of the magnetization by interdiffusion 
and/or roughness of the polycrystalline Au substrate. We will not discuss the 
reasons for the occurrence of do in more depth as this paper is only concerned 
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with bulk effects. These are extracted by plotting the rate of increase of e with 
increasing thickness d. 




Fig. 4. The spin precession angle e as a function of the ferromagnetic him thickness 
for Fe, Co, and Ni, measured with elastic electrons of energy (E — Ep) = 7 eV. The 
point at zero thickness was measured with a pure Au-hlm of 20 nm thickness. The 
straight lines through the data points represent linear hts. The values of the slope, i.e., 
the specihc precession angle e, are summarized in tab. 1 



The angle d enclosed by P and M as it depends on him thickness d is shown 
in Fig. 5. For all three ferromagnets d decreases with increasing him thickness, 
i.e., the spin polarization vector turns increasingly into the direction of M with 
increasing thickness as expected. Following paragraph 2, this rotation of P into 
M is due to the spin-dependent absorption of electrons in the ferromagnetic 
metal, commonly called the spin-hlter effect. It is evident that the strength of 
spin hltering in Fe and Co is quite similar, while spin hltering is much less ef- 
fective in Ni. The curves through the data points represent hts on the basis of 
what is expected from a number of previous, quite different spin-hlter experi- 
ments [14,16]. /,From the measurement of 'd(d), A{d) is obtained and vice versa, 
and knowing A(d), one can also evaluate cr~ — the difference in the elec- 
tron absorption coefficient for minority and majority spins, respectively. These 
parameters are summarized in tab. 1. Like in the case of the linear hts to the 
e(d) data in Fig. 4, the d{d) curves intercept 'd = tt/ 2 at do > 0. In fact, the do 
values representing the him thicknesses at which no spin-dependent absorption 
of electrons occurs are much the same as for the case of the absence of preces- 
sion. This makes an interpretation of this phenomenon on the basis of reduced 
or absent magnetization in the interfaces most likely. 

The energy dependence of e for all three ferromagnets is shown in Fig. 6. In 
the case of Co and Ni, the variation of e in the energy range of 5-14 eV above 
Ep is weak; e decreases somewhat in agreement with e = AE • t/h due to the 
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Fig. 5. The angle -d enclosed by P and M as a function of the ferromagnetic him 
thickness for Fe, Co, and Ni, measured with elastic electrons of energy (E — Ep) = 5 
and 7 eV. We note that the values of the angle are normalized to Po = 1 (pure spin 
state). The curves through the data points represent hts which are based on results 
obtained in a number of different spin-hlter experiments [14,16] (Fe: continous line, Co: 
dashed line, Ni: dotted line). The values extracted from for the difference cr“ — 
between the spin-dependent absorption coefficients are summarized in tab. 1 



fact that the time t spent by the electrons within the ferromagnet decreases with 
\j\fE (assuming a free-electron behavior). Thus the exchange energy AE in the 
polycrystalline samples is quite constant extending to surprisingly high electron 
energies. This finding agrees with predictions from band structure calculations 
[17]. In the case of Fe, e exhibits a much stronger dependence on electron energy 
with a maximum at 9 eV above Ep [18]. This agrees well with the band structure 
showing flattening of the bands at this energy and thus a decrease of the group 
velocity of the electrons [19]. 

In the case of Fe and Co we also investigated the spin precession at much 
higher energies (see insets in Fig. 6), where the larger inelastic mean free path 
in the An support permits again transmission experiments. In both cases small 
but significant precession angles of a few degrees are found up to several 100 
eV electron energy. One might ask if these nonvanishing values of e are actually 
due to a nonvanishing exchange energy. Can the stray field of the ferromagnetic 
sample cause such small precession angles? It might. However, the direction of 
the stray field outside the ferromagnet is opposite to the magnetization direction 
and should therefore result in a negative value of e, whereas positive values are 
found in the experiment. 

Going back to eq. (2), we see that e is proportional to AE^^^jv. From the data 
we readily recognize that the increase of the group velocity (roughly by a factor 
of 3) by going from the low energy to the high energy regime, can only partly 
explain the observed reduction of e. Thus, there must be a significant decrease of 
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Fig. 6. The spin precession angle e at constant film thickness as a function of the 
electron energy for Fe (top), Co (middle), and Ni (bottom). The insets show e over a 
larger energy range. Note the double-logarithmic plot 



the exchange energy with increasing energy as well. This is in accordance with 
calculations showing a decrease of with increasing energy [20] . The higher 

the energy, the weaker the exchange interaction between the quasi-free injected 
electrons and the d-electrons below the Fermi level. 

A similar precession of the electron-spin polarization has been proposed by 
Byrne and Farago [21] in electron-atom scattering and is caused by exchange 
scattering. According to [22] the precession angle due to exchange scattering 
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Table 1. Parameters of the ferromagnets (FM) Fe, Co, and Ni. ub'- number of Bohr 
magnetons; e: specific precession angle; v\ group velocity of the electrons at the energy 
E — Ef = 7 eV (see [11]); uje- Larmor precession frequency of the injected electron 
spins; W: Weiss field of the ferromagnet; lum- Larmor precession frequency of the 
magnetization; Pq: initial degree of the spin polarization of the injected electrons; j: 
current density of the injected current; cr“, absorption coefficient for minority-spin 
and majority-spin electrons, respectively [16] 
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1600 
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is given by: 

tane = 

2|/P - (fg* - 

with / the direct, g the exchange scattering amplitude (/* and are the cor- 
responding complex conjugated quantities), and i the imaginary unit. If we can 
show that ^ = 0, an exchange induced contribution to the observed precession 
angle is excluded. 

The test on the contribution of the elastic exchange of electrons consists of 
two parts: 

1) An unpolarized electron beam passes through the ferromagnet. This produces 
a spin polarization P which consists of two parts: 




P = P' + AP. 



P is the transport polarization generated by spin-selective scattering into the 
holes of the d-band [14], while AP is the additional spin polarization generated 
by elastic exchange scattering. 

2) An electron beam of initial polarization Pq passes through the ferromagnet. 
The intensity asymmetry A (normalized to Pq = 1) is given by: 

A = A -AA 



where A is the asymmetry due to inelastic spin-selective absorption [9] and AA 
is the reduction of this asymmetry because some electrons have flipped their 
spin in elastic exchange collisions and thus avoided spin-dependent absorption. 
We hnd within the experimental uncertainty that P = A (see Fig. 7) [18]. Since 
a polarizing spin filter must be equal to an analyzing spin filter in the absence 
of spin-productive scattering such as exchange scattering, i.e. P = A , both AP 
and AA must be zero. Thus, elastic exchange scattering is not important in this 
experiment. 
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Fig. 7. The intensity asymmetry A (measured with a polarized incident electron beam 
and normalized to Po = 1) and the degree of spin polarization P (measured with an 
unpolarized incident electron beam) of elastic electrons are shown as a function of the 
primary electron energy [18]. This shows that the analyzing power of a ferromagnetic 
spin filter is equal to the polarizing power within the experimental uncertainty 



5 Precessional Magnetization Reversal 
Induced by a Spin-Polarized Current 

Very recently it was shown that ultrafast magnetic field pulses of a few picosec- 
onds (= 10“^^ s) duration and surprisingly small amplitudes are able to induce 
magnetization reversal in in-plane magnetized, uniaxial films [23]. Of crucial im- 
portance is the fact that the external magnetic field pulse is applied in the 
plane of the film at a right angle to M. In this way maximum torque is exerted 
on the magnetic moments of the ferromagnet and M precesses around out 
of the plane of the film. As M leaves the plane of the film, the demagnetiz- 
ing field comes into play. When the external magnetic field pulse is terminated, 
the demagnetizing field persists, and the precession of M around the demag- 
netizing field (plus the anisotropy field) completes the reversal. Thus, in order 
to induce precessional magnetization reversal in in-plane magnetized films the 
magnetization must process out of plane by a certain angle, which is determined 
by the demagnetizing field, the anisotropy field and the damping constant. Us- 
ing typical values for these parameters [23] a precession angle cm ~ 20*^ of the 
magnetization is needed. 

Can a spin polarized current produce such a precession angle? To answer 
this question eq. (4) has to be considered. The values of the ratio UJM/Poj are 
listed in tab. 1. Assuming an electron current which is completely spin polarized 
perpendicular to M (Pq = 1) and a current density of j = 10^^ Am“^ we find 
that pulse durations tpuise = of ^ 2 picoseconds are sufficient to trigger 

precessional magnetization reversal. Injection of such a pulse of spin-polarized 
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electrons is equivalent to applying a 2 picosecond magnetic field pulse of an 
amplitude of 1.1, 0.76, 0.79 T in Fe, Co, and Ni, respectively. Such field pulses 
have so far only been achieved with the 50 GeV electron bunches of the Stanford 
linear accelerator [24]. We emphasize that the choice of a smaller j and hence 
smaller uom can be compensated for by a larger tpuise value, yet only as long 
as this latter value remains much smaller than the spin-lattice relaxation time, 
which lies in the realm of 100 picoseconds [25,26]. 

We note that even higher current densities of 5-10^^ Am“^ have been realized 
in ballistic injection of electrons [27]. In the case of transport electrons {E = 
Ejp) current densities of 0.75 • 10^^ Am“^ have been reported [4]. Moreover, the 
exchange energy and hence e is expected to be larger at Ep. However, the spin 
polarization Pq of the injected electrons is not expected to be 1 with ferromagnets 
as emitters. In practice values of Pq = 0.3 can be achieved routinely. 

Up to now we have not considered the effect of the circular magnetic field 
that is always induced by an electric current. This is exactly the type of mag- 
netic field which was used to show that processional magnetization reversal with 
in-plane magnetized films is possible with ultrafast field pulses [23]. Therefore 
the question arises: How can we distinguish between precession induced by the 
Oerstedt field and the Weiss field? Actually, this distinction has been made easy 
as it has been shown recently that the precession of the magnetization may be 
imaged using ultrafast laser pulses and the magneto-optic Kerr effect [28]. The 
Oerstedt field changes sign across the electron beam and the precession of M will 
therefore proceed in different directions at the beam edges, while the Weiss field 
always has the direction of the magnetization. A simple calculation proves that 
the precession due to the Weiss field is always faster compared to the one of the 
Oerstedt field as soon as one injects the current through a nanocontact. The max- 
imum field strength of a current flowing across a circular area with radius 

r is given by Bmax = Mo • j • ^/2 (mo- vacuum permeability) and induces a pre- 
cessional motion of the magnetization with the frequency uOrnax = (e/'^)Pmox- 
Hence the Weiss field precession dominates over the precession induced by the 
Oerstedt field, if 

^max Mo ‘ ^ ‘ ^ ^ ^ 

ujm 2m Pq • e 

Given the fact that e/ns as well as tim is not varying much with the different 
3d-ferromagnets this situation is realized if the radius r of the current carrying 
filament is smaller than 100 nm. Thus, in nanocontacts with r < 100 nm, the 
Weiss field is always more effective for switching the magnetization than the 
Oerstedt field. 
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6 Further Experiments 

to Determine the Precession Angle 

6.1 Transmission Measurements 

at Energies Below the Vacuum Level 

In order to study spin precession at energies below the vacuum level down to 
the Fermi energy, measurements with free-electron beams are not anymore pos- 
sible. In this case it is necessary to have the spin polarized electron source, the 
ferromagnetic film, and the spin analyzer in one solid. Such type of experiment 
has been proposed by L. Berger [29]. The proposed film system consists of three 
ferromagnetic layers which are separated by nonmagnetic metallic spacer layers. 
The first ferromagnetic film is used as spin-polarized electron source, the second 
one, in which the spin precession occurs, is magnetized perpendicular to the first 
one, and the third one serves as spin analyzer. Depending on the angle between 
the spin direction of the electrons leaving the second ferromagnet and the mag- 
netization direction of the (analyzing) third ferromagnet, different resistances 
should be observed if a current is drawn across the film system. This would per- 
mit to measure the spin precession at the Fermi level. Measurements at energies 
above the Fermi energy, on the other hand, may become feasible by replacing 
the nonmagnetic metallic spacer by a nonmagnetic insulating material. 

6.2 Measurements in Reflection Geometry 

The most obvious modification of our transmission experiment can be done by 
changing from transmission to reflection geometry. This would be of advantage 
for the following reasons. Firstly, one would not further rely on self-supporting 
samples. The ferromagnetic films could be grown on any type of substrate. In 
particular, single crystalline films can be prepared, while the self-supporting films 
grown on the nitrocellulose are polycrystalline. Secondly and most importantly, 
there is no “intensity-problem” in the reflection geometry, because the electrons 
do not have to pass through a thick layer of Au or any other supporting material. 
Thus, the entire electron energy range can be investigated, whereas the interme- 
diate energy range of 15 - 100 eV is not accessible with our present transmission 
geometry. 

In contrast to the transmission experiment, where a linear relationship be- 
tween e and the thickness of the ferromagnetic film is found (see Fig. 4), e will 
saturate at large thicknesses in the reflection experiment. This saturation value 
can easily be estimated by using the experimentally determined values of the 
specific precession angle e in the transmission experiment (tab. 1) and of the 
inelastic mean free path A [14]. For instance, in the case of Co (at E — Ep = 

7 eV) we expect a saturation value of e = e • A 15^. This estimate, however, 
holds only as long as interface and surface effects are not considered. As shown in 
paragraph 4 interface effects can be significant, resulting in a nonzero do value. 
At any rate, the reflection experiment will give insight into the behavior of the 
topmost atomic layers of a ferromagnet, and will thus represent a technique that 
is complementary to our present transmission experiment. 
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7 Conclusion 

The transport of spin-polarized electrons through self-supporting ferromagnetic 
layers is investigated by means of a “complete” spin-polarized electron scattering 
experiment. In order to study the spin motion of electrons, the spin polarization 
vector of the incident free-electron beam is chosen perpendicular to the magne- 
tization direction. A spin precession around the magnetization direction is found 
with all three elemental 3d ferromagnets. It is caused by different phase factors 
of the majority- and minority-spin wave functions, having their origin in the 
exchange energy of the ferromagnetic film. Because of angular momentum con- 
servation the precession frequency of the sample magnetization can be inferred 
without further assumptions. Injecting pulses of spin-polarized electrons through 
nanocontacts at experimental current densities into ferromagnetic films of a few 
atomic layers thickness is equivalent to applying a magnetic field pulse of the 
order of 1 T. It can be foreseen that this is the method of choice for reversing 
the magnetization in magnetic bits by precessional magnetization reversal thus 
decreasing the energy and time needed to write information into a magnetic 
medium by many orders of magnitude. 
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Abstract. Recent theoretical developments concerning the simultaneous description 
of electronic correlations and relativistic effects in valence band and core-level spec- 
troscopy serve as a point of major interest in this chapter. In the case where correlation 
effects are well described by a local potential this generalized approach to photoe- 
mission significantly enhances the applicability to ferromagnetic systems. Especially 
magnetic dichroic phenomena, which have attracted growing interest, turn out to be 
quantitatively interpret able in the framework of the new formalism. 



1 Introduction 

Not only due to their technological relevance magnetic materials have focused 
a high level of scientific activity over the last decades. In particular the new 
and fascinating properties which have been discovered in magnetic systems of 
reduced dimensionality seem to be very promising for further experimental and 
theoretical investigations. The occurence of magnetism, of course, strongly de- 
pends on the geometric and electronic structure which should be known very 
precisely in order to achieve a detailed understanding of these phenomena. From 
the experimental point of view a well established method for studying the elec- 
tronic structure can be found in the photoelectron spectroscopy [1,2,3], which 
has been developed into a powerful tool over the last thirty years. For example 
the experimental technique of angle- and spin resolved ultraviolet photoemission 
has been successfully applied to reveal the dispersion behaviour as well as the 
spin character of the valence bandstructure in magnetic bulk crystals, thin films 
and multilayers [4,5,6,7,8,9,10,11]. Increasing the photon energy by one or two 
orders of magnitude (e.g., entering the x-ray regime), the electronic and magnetic 
properties of low lying core states may be investigated as well [12,13,14,15,16,17]. 
In order to interpret the experimental data, it is often useful to have a quan- 
titative comparison between experiment and theory. This demand has led to 
the development of various approaches for calculating the photocurrent, which 
ranges from sophisticated but numerically untractable many-body theories to 
one-electron formulations. For a deeper insight into these theories, the reader is 
refered to [18,19,20,21,22,23,24,25]. The first and most simple version of a one- 
electron approximation for the photocurrent has been given by Berglund and 
Spicer (1964), the so called three-step model of photoemission [26]. In the frame- 
work of this model the photoemission process is devided into three independent 
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steps, namely the excitation of the photoelectron, its transport through the crys- 
tal and its escape into the vacuum. Within this model, self-energy corrections, 
which give rise to damping processes and energetic shifts in the quasi-particle 
spectrum, are completely neglected. This means that the initial and hnal states 
in the photoemission process are assumed to be Bloch-states with an inhnite 
lifetime. It should be mentioned that the assumption of an infinite electron life- 
time does not allow for transitions into evanescent bandgap states, e.g. states, 
which decay exponentially into the solid. Similarly the assumption of an infinite 
lifetime for the initial state does in practice not allow to calculate photoemission 
spectra from surface states. 

To overcome these deficiencies of the three-step model, a multiple scattering or 
dynamic approach has been suggested first for the final state by Liebsch (1974) 
and Spanjaard et al (1977) [27,28]. Later then multiple scattering effects were 
properly included for both, initial and final states by Pendry (1976), Hopkinson 
et al. (1980) and Pendry (1980), in order to treat self-energy corrections on equal 
footing [29,30,31]. In order to tackle the wide range of relativistic effects, visible 
in photoemission spectra, relativistic one-step models for pure elemental solids 
and compounds have been introduced in the following years by Thdrner et al 
(1984), Ackermann et al (1985), Braun et al (1985, 1987 and 1993), Ginatempo 
et al (1989) and by Halilov et al (1993) [32,33,34,35,36,37,38,39]. 

A further generalization in the theory of photoemission concerns the so called 
magnetic dichroic effects, i.e. magnetic linear dichroism (MLD) and magnetic 
circular dicroism (MCD). Due to the interaction between spin-orbit coupling 
and exchange splitting in magnetic materials, the intensity distribution as well 
as the spin-polarization of the emitted photoelectrons becomes modified as a 
function of the macroscopic magnetization and the photon spin too. Herein, for 
example, can be found the origin of MLD and MCD. Since for the first time 
magnetic circular and linear dichroism have been observed in soft x-ray [40,41] 
and in valence band photoemission [42] these effects have been intensively used 
to study magnetic phenomena in the core level [43,44,45,46,47,48,49] and valence 
states [50,51,52,53,54,55,56,57,58,59,60,61] of bulk and low-dimensional systems. 
Most of these experiments have been performed at storage rings which open up 
the possibility to apply this method for photon energies ranging from the ultra- 
violet to the soft x-ray regime. 

Nowadays so called one-step models are available, which allows for calculating 
spin-resolved valence band as well as core-level spectra from magnetic materials 
on a high level of accuracy [49,62,63]. Based on a fully relativistic description 
these theories quantitatively account for the simultaneous occurrence of spin- 
orbit coupling and exchange splitting in ferromagnetic metals and compounds. 
In the following section these theories will be outlined concentrating on the new 
and important aspects in the description of both UP- and XP-spectroscopy. 
As an example for magnetic linear dichroism in the valence band region spec- 
troscopic data from Co (0001) will be discussed next. The last section of this 
chapter is devoted to actual results of core-level spectroscopy from the Fes^- 
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states, which will be quantitatively interpreted in terms of the fully relativistic 
theory of core-level photoemission. 

2 One-Step Description of Photoemission Spectroscopy 

The main idea of the one-step model is to describe the photoemission process as 
a single quantum-mechanically coherent process including all multiple-scattering 
events, which dominate the electron dynamics in the low-energy regime of typ- 
ically 1-100 eV [64]. We start our considerations by a discussion of Pendry’s 
formula for the photocurrent which defines the one-step model of photoemission 
[65]: 

J(xIm(e/,k|||G2+Z\G+ZitG2-|e;,k||). (1) 

The expression can be derived from Fermi’s golden rule for the transition prob- 
ability per unit time [66]. Consequently, I denotes the elastic part of the pho- 
tocurrent. Vertex renormalizations are neglected. This excludes inelastic energy 
losses and corresponding quantum-mechanical interference terms [65,66,67]. Fur- 
thermore, the interaction of the outgoing photoelectron with the rest system is 
not taken into account. This “sudden approximation” is expected to be jus- 
tified for not too small photon energies. We consider an energy-, angle- and 
spin-resolved photoemission experiment. The state of the photoelectron at the 
detector is written as |ej,k||), where ky is the component of the wave vector 
parallel to the surface, and ej is the kinetic energy of the photoelectron. The 
spin state of the photoelectron is implicit in |e/,k||) which is understood as a 
four-component Dirac spinor. The advanced Green matrix G 2 in Eq. (1) charac- 
terizes the scattering properties of the material at the hnal-state energy E 2 = Cf. 
Via I/) = G 2 |c/,k||) all multiple-scattering corrections are formally included. 
Using standard full potential Korringa-Kohn-Rostocker (KKR) multiple scatter- 
ing techniques [68,69,70] the final state \f) can be calculated as a (time-reversed) 
relativistic FEED state. Many-body effects are included only phenomenologically 
in the FEED calculation, i. e. by using a parametrized, weakly energy-dependent 
and complex inner potential Uo(^ 2 ) = ^ 01 (^ 2 ) -\-iVo 2 {E 2 ) as usual [64]. This gen- 
eralized inner potential also includes the (imaginary) optical potential, which 
takes into account inelastic corrections to the elastic photocurrent [66] as well 
as the actual (real) inner potential, which serves as a reference energy inside 
the solid with respect to the vacuum level [71]. Due to the finite imaginary part 
iVo 2 {E 2 )^ the flux of elastically scattered electrons is permanently reduced, and 
thus the amplitude of the high-energy wave field |/) can be neglected beyond a 
finite distance from the surface. 

A in Eq. (1) is the dipole operator in the electric dipole approximation which is 
well justified in the ultraviolet and soft x-ray regime. It mediates the coupling of 
the high-energy final state with the low-energy initial states. The “low-energy” 
propagator in Eq. (1), i. e. the one-electron retarded Green matrix for the 
initial state in the operator representation, yields the “raw spectrum”. It is di- 
rectly related to the “bare” photocurrent and thereby represents the central 
physical quantity within the one-step model. G^ = G^(Ei) is to be evaluated 
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at the initial-state energy Ei = ef — u — where uj is the photon energy (/io 
stands for the chemical potential). It is advantageous to rewrite Eq. (1) into the 
space representation: 

-^(e/)k||) = J j c^r7^(i')AGpr,r')At/(r') , (2) 

with 

/(r) = < r I I e/,k|| > . (3) 

A practical computation starts solving the spin-polarized Dirac equation for 
a single ion-core potential. The relativistic generalization of density functional 
theory (DFT) [72,73,74] introduced by Rajagopal and Callaway in 1973 [75] and 
Ramana and Rajagopal in 1983 [76] leaves us with the following one-particle 
Dirac equation {h = m = e = l,c = 137.036): 

{-icocV + (5c^ - + ELDA(r) + /3crBLDA(r))lZ^(r) = EE{y) , (4) 

where VLDA(r)=0.5(l/Lj3^(r) + J^j 3 ^(r)) denotes the (effective) spin-independent 
potential, and Blda(i*) = 0-5(Eli3a(^) “ ^iu 3 a(^)) (effective) magnetic 

field [77]. The constant unit vector b determines the spatial direction of the 
(uniform) magnetization as well as the spin quantization axis. j3 denotes the 
usual 4x4 Dirac matrix with the nonzero diagonal elements /5n = (322 = 1 and 
/^33 = /^44 = —1, and the vector ol is given by its components ak = cFx ^ 

{k = x^y^z) in terms of the 2x2 Pauli-matrices cr^. As a consequence of the 
magnetic field the solutions of the Dirac equation do not have a unique spin- 
angular character. The reason can be found in a coupling of wavefunctions with 
different a, //-character, which is due to the following angular matrix elements 
S = Herein, denotes the spin-angular function given in the 

usual way by Pauli spinors, Clebsh-Gordan coefficients, and the spherical har- 
monics. Such an expression results from the effective magnetic field B which 
appears in the spin-polarized Dirac equation via the term /^crB. In addition 
to the paramagnetic case with selection the rules S induces further 

types of couplings. For one gets (((^,^,-«:'-i, ,-/^'+i) ^^,^0 and for B^y it 

follows For example corresponds to an 1/2 

coupling and is caused by the z-component of the effective magnetic field. The 
second type concerns the quantum numbers y and //±1 and in distinction to the 
first one it is caused by the x- and y-components of the effective magnetic field. 
Furthermore, connecting the quantum numbers 1+2 and 1-2 leads to an 

infinite number of coupled differential equations. Fortunately, it has been shown 
by Feder et al. [88] and Cortona et al. [89] that terms arising from this type of 
coupling are smaller by at least two orders of magnitude, and therefore may be 
neglected. Although the number of coupled differential equations can be reduced 
in taking advantage of the symmetry properties of the system, a maximum num- 
ber of {Imax + 1)^ coupled equations may appear. This, of course, tremendiously 
increases the numerical expense compared to the paramagnetic case. 

An explicit derivation of the final state |/), which has been introduced before 




UPS and XPS 



345 



as a so called time-reversed SPLEED-state defines the next step in a UV(XP)- 
photocurrent calculation. The single-site scattering solutions of the spin-polarized 
Dirac equation, which we need first, can be obtained by use of the generalized 
phase-functional ansatz of Calogero [78,79]. Having solved the system of coupled 
radial equations it is easy to define the atomic scattering matrix F for a single 
ion-core potential. The atomic scattering matrix F together with the crystal 
geometry determines the scattering matrix M for a single layer. By means of 
layer-doubling techniques [64] the so called bulk-refiection matrix can be cal- 
culated, which gives the scattering properties of a semi-infinite stack of layers. 
Finally applying the full- potential SPLEED-theory [80,81,82,83,84,85,86,87] it is 
straightforward to derive the final state |/) for a semi-infinite crystal. 

To be able to calculate the photoemission matrix elements it is necessary to 
redefine the relativistic dipol operator. In the relativistic theory the dipole in- 
teraction of an electron with the electromagnetic field is given by the dipole 
operator A = — aAo where Aq is the spatially constant vector potential in- 
side the crystal. In a typical photoemission matrix element between 

final \^ 2 ) and initial states \Fi) with energies E 2 and Ei, respectively, A can be 
written as: 



A = E 21 V H OL AoElda + E 21 ( (Aq V) (3a H — PAq x ct j B 



>LDA , 



( 5 ) 



with E 21 = —2ic/[{E2 + — {Ei + c^)^]. The expression is derived by making 

use of commutator and anticommutator rules. 

The remaining problem consists in the calculation of the propagator Gf. For a 
single atomic cell this quantity may be constructed from the corresponding so- 
lutions of the spin-polarized Dirac equation (4). First we consider the excitation 
from core states labeld by the discrete eigenvalues Eim. In this case the initial 
state propagator can be described by the following core-level Green matrix 



Gt = E I*-) 

m 



Vox 

(E - Elm? + Vil 



{'^m 1 5 



(6) 



where \im) represents a core-level wavefunction with the relativistic indices 
m = {hirn^ Mm)- As it has been suggested for the final state, the optical potential 
Voi introduced in Eq. (6) accounts for inelastic processes in a phenomenolog- 
ical way. The core-level wavefunctions may be obtained by choosing the spin- 
quantization axis parallel to the z-axis. In this case one gets for the radial solution 
a set of four coupled Dirac equations which has to be solved by using normal- 
ization constraints. There are at least two technical strategies for solving the 
set of equations, i.e., finding the core level wavefunctions and the corresponding 
energies. First one has been suggested by Cortona et al. [89] and the other one 
is due to Ebert [90,91]. Because of the description of the core states by products 
of angular and radial parts an arbitrary direction of the magnetic field can be 
considered by rotational transformations of the spin angular functions [92]. It has 
to be mentioned that the couplings originated by the spin-dependent potential 
become more and more important for core states, in which the spin orbit split- 
ting is of the same order of magnitude as the exchange splitting. This situation 
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for example is given in the 3p multiple! structure of ferromagnetic iron. 

At this stage we are in position to calculate the XP-photocurrent. Expanding the 
hnal state wavefield and the dipole operator in spherical waves around an arbi- 
trary atom j located in the n’th layer of the semi-inhnite crystal, the evaluation 
of the core-level photocurrent results in: 

^ ^ y j ii' ^2jriK.' ijl' •> C^) 

jn hifitz' jj,' 

where A 2 jni^^i denote the relativistic multiple scattering coefficients of the hnal 
state waveheld. The matrix is build up from integrals over products between 
the corresponding initial and hnal-state wavefunctions and the dipole operator. 
The calculational scheme for valence band photoemission turns out to be more 
complicated. This is due to the different physical behaviour of exponentially 
decaying core levels an delocalized valence states. Obviously we have to take 
care of this fact when calculating the initial state propagator for ultraviolet 
photoemission. According to Pendry [65] we proceed in the following way. First 
the atomic propagator for an isolated atomic potential should be derived from 
the single-site scattering solutions of the spin-polarized Dirac equation. The 
resulting, so called atomic contribution to the photocurrent, is quite similar to 
Eq. (7): 



jn niin' jjb' 

As it is in the case of core-level photoemission the atomic contribution to the 
photocurrent is build up by a product between the Matrix and the multiple 

scattering coefficients A 2 jnKii of fho final state. Again j denote the jth cell of 
the nth layer. For a numerical evaluation it is advantageous to separate 

the angular matrix elements from the radial parts, which appear to be double 
radial integrals. A detailed description of the matrix Z^^^ and of the multiple 
scattering coefficients A2jnnii F given in [56]. The so called intra(inter)-layer 
contributions to the photocurrent describe the multiple scattering corrections of 
the initial state between and within the layers of the single crystal, and therefore 
take care of the dispersion behaviour of the valence states. They can be written 
in the following form: 



/ ^ (ej,k||) ^ A2jnn^i /i' • (9) 

jn njjin' ijl' 

Herein B and G denote the multiple scattering coefficients of the initial state 
within a layer and between different layers. For a detailed description of the 
matrix Z^^‘^ and of the multiple scattering coefficients and GijnK.ii the 

reader again is refered to [56]. Summation over these three contributions to- 
gether with the surface contribution, which is considered in the usual way by 
a z-dependent surface barrier of Rundgren-Malmstrom type [93] leads to the 
relativistic full-potential UV-photocurrent for a magnetic system. 
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3 Results 

3.1 MLD in Valence Band Photoemission from Co(OOOl) 

Here we concentrate on Co (0001) valence band photoemission data taken at 
the strorage ring BEESY I in the photon energy range between 20 and 31 eV 
with linearly polarized radiation from thin cobalt films on W(llO) [61]. The ex- 
perimental results will be discussed with respect to calculated spectra obtained 
by applying the new ferromagnetic one-step formalism. The measurements have 
been carried out in normal emission with an angular resolving electron spectrom- 
eter. The sample was remanently magnetized along the easy magnetization axis 




Fig. 1. Left part: valence band photoelectron spectra from a 7 ML thick hcp(OOOl) 
cobalt film on tungsten taken with linearly polarized radiation for opposite magnetiza- 
tion directions. Left part: corresponding asymmetry values for binding energies between 
-2 eV and Ep (cf. vertical lines in the left part). 



for thin cobalt films, i.e. along the in-plane W[110] direction [94]. The photon 
beam incident under the angle 0i = 45^ with respect to the surface normal was 
linearly polarized parallel to the W[001] direction, i.e. perpendicular to the mag- 
netization direction. The experimental photoemission spectra displayed in the 
left part of Fig. 1 have been measured from a 7 ML thick cobalt film for oppo- 
site magnetization directions M+ and M ~ . All spectra show the Co-3d valence 



348 Jurgen Braun 



band centered at about 1 eV below the Fermi level. Starting from 20 eV, the 
main peak disperses with increasing photon energy to higher binding energies. 
Moreover, the intensity difference also increases from 20 eV to a maximum value 
of 6-8% around a photon energy of 27 eV. This is seen in the right part of Fig. 1. 
In order to understand the origin of the observed intensity differences the exper- 




Fig. 2. Spin-polarized relativistic bandstructure of hep cobalt along the A direction 
from r to A. Left part: orbital projected majority spin-character of d- and f-states 
represented by fat bands. Right part: projected minority spin-character of d- and f- 
states represented by fat bands. 



imental results may be analysed in terms of bandstructure and photoemission 
calculations. Fig. 2 shows an orbital projected fully relativistic bandstructure for 
hep cobalt along the Zl-direction from F to A. In the left (right) part the major- 
ity (minority) spin-character is visualzied by so called “fat bands” . As it should 
be expected, the initial states are dominantly represented by Co-3d bands. On 
the other hand, it turns out from Fig. 2 that for excitation energies around 27 
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eV, where the maximum intensity asymmetry has been observed, mainly f-bands 
serve as possible candidates for the final states. The binding energy of the main 
peak in the Co 3d valence bands is almost constant at =0.7 eV from hu = 
22 up to hu = 31 eV, and thus implies photoexcitation from a fiat d-band. Such 
a fiat band is visible indeed in Fig. 2 at =0.7 eV. Moreover, the observed 
MLD effect significantly depends on the excitation energy in the measured range 
of photon energies. The huge MLD can be ascribed to hybridization regions in 
the Co valence bands. In these regions, the spin character of the different d-bands 
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Fig. 3. calculated photoemission spectra (left part) and MLD asymmetry curves (right 
part) for hcp(OOOl) cobalt analoguous to Fig 1. 



is lifted off due to the combined interaction of spin-orbit coupling and exchange 
splitting. A quantitative description is given in terms of the generalized, B- 
dependent selection rules discussed in the previous section. The selection rules 
on the other hand define the orbital- and spin character of the initial (final)-state 
wave functions. In combination with the dipole selection rules, which occour due 
to the photoemission matrix elements, the energy- and B-dependent intensity 
variations can be understood in detail. In Fig. 3 calculated spectra and cor- 
responding asymmetries for cobalt are shown. As it is indicated in Fig. 3 the 
calculated final states have been shifted in energy by approximately 2 eV to 
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higher energies in order to obtain a quantitative agreement between experiment 
and theory. This misht in energy between measured and calculated final-state 
bands can be attributed to electron correlation effects beyond DFT(LDA). The 
energy values given in brackets denote the photon energies after correcting the 
final state energies by 2 eV with respect to the experiment. The right part of 
Fig. 3 displays the calculated MLD asymmetry analogously to Fig. 1. In contrast 
to the experimental findings the calculated asymmetry is found to be more pro- 
nounced and visible for all excitation energies. Nevertheless, a maximum of the 
asymmetry has been obtained at about hu =27 eV, which agrees well with the 
measurements. Incoming fight with a photon energy of about hu =27 eV causes 
direct transitions from a hybridization region at into spin-split 

f-states, which disperses from 26 eV to 29 eV. Therefore, it is not surprisingly 
that the maximum value of the asymmetry just occurs for excitation energies 
around 27 eV. 

3.2 Core-Level MCD from the Fe-3p States 

By applying the method which has been introduced in Sec. 2 energy dependent 
core level spectra of Fe 3p have been calculated for right circularly polarized 
radiation. For the calculation of the core-level wavefunctions a parameter 7 has 
been introduced, which is multiplied to the magnetic field B(r) in order to re- 
produce the experimental exchange splitting. A value of this parameter smaller 
than one results in a reduced exchange splitting. This procedure is necessary in 
order to get the experimentally observed exchange splitting. Such a reduction of 
the exchange splitting calculated from first principles has been theoretically ex- 
plained by Liebsch[95] . In this calculation a value of 0.4 for 7 seems to be the best 
choice. Since the spin-orbit interaction originates only from the coupling of the 
spin to the angular momentum the parameter 7 has no effect on the spin-orbit 
induced splitting of the different core-states. The energy difference A is identi- 
fied by the distance of the two centers of energy for the P 3/2 and pi /2 states. 
The value of 1.2 eV has been found in good agreement with the one obtained 
by Tamura et al.[96]. The exchange splitting of the different j-states results in 
0.20 eV between the p = states and in 0.47, 0.24 and 0.26 eV between the 
states denoted by p = The core-hole lifetime, which is controlled 

by the parameter Vqi has been chosen energy independent to 0.8 eV according 
to the experimental resolution. Fig. 4 shows measured photoelectron spectra for 
both magnetization directions (left part) and the asymmetry (right part; scale 
kept fixed to ±25% in all panels). In Fig. 5 the corresponding calculated spectra 
and asymmetries are presented. The calculated asymmetry values are about four 
times higher than the experimental ones without background subtraction, but 
correspond quite well with the experimental values after a Shirley background 
subtraction. The data of Fig. 5 display always a main peak with a more or less 
pronounced shoulder. The shape of the curves varies in detail with the photon 
energy and the magnetization state (full and dashed lines). Analogously to the 
experimental results the calculated intensities are clearly different when revers- 
ing the magnetization. Starting from 90 eV the MCD effect decreases until it 
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binding energy (eV) 



Fig. 4. Series of normal emission photoelectron spectra from the Fe 3p levels with 
Shirley background subtraction. The data have been taken with right circularly polar- 
ized radiation in the range between 90eV and 175eV, full and open triangles denote 
opposite magnetization states (left side) . The full curves display the asymmetry results 
from a simple fitting procedure in order to guide the eye (right side). 



vanishes at hi/=120eV. After changing its sign the MCD asymmetry increases 
to a maximum which is reached at a photon energy of around 160 eV. For pho- 
ton energies below 140 eV, the calculated data agree qualitatively well with the 
experimental results. In order to explain the difference in the zero position of the 
asymmetry (120 eV vs. 135 eV) a more thorough calculation was performed in 
which the angular dependency was studied. It was found that the zero position 
could be shifted about one or two eV in both directions when the emission angle 
was taken to be within a cone of 20° around the surface normal. But there is 
no general tendency which would shift the zero position to the experimentally 
observed one. The insets in Fig. 5 indicate the energetic postions of the six Fe 
3p sublevels (noted by 1 to 6) and the relative spectral intensities calculated 
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Fig. 5. Series of normal emission photoelectron spectra from the Fe 3p levels calcu- 
lated for circularly polarized radiation in the range between 90 eV and 175 eV. Full 
and dashed lines denote opposite magnetization states (left side) and corresponding 
asymmetries (right side). The insets show the spectral intensities for one direction of 
the magnetic field for an energy resolution of O.OleV. 



for this experimental geometry (parallel orientation of the magnetic field) with 
an energy broadening of 0.01 eV. It can be seen clearly that the reversal in the 
sign of the MCD signal is due to the change in these features of the core level. 
From llOeV to 130eV the following sublevels interchange their intensites, i.e. 
1 2, 3 6 and 4 o 5. Since the core level wavefunctions are the same for all 

excitation energies the effect is only due to a change in the scattering properties 
of the final state. 

4 Summary and Outlook 

In this chapter new developments in the theory of core-level and valence band 
photoemission have been presented. It has been shown in Sec. 3 that relativistic 
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photoemission theory has reached a level that allows for a quantitative interpre- 
tation of magnetic dicroic phenomena in core-level as well as in valence band 
spectroscopy. Nevertheless, the rapidly growing range of applications in the area 
of photoemission implies a strong demand on further developments within the 
next years. For example, a fully relativistic photoemission theory for non-local 
potentials would be able to describe strong electronic correlations and relativistic 
effects on the same level of accuracy. Also the development of a spin-polarized rel- 
ativistic one-step model for disordered materials and compounds would strongly 
enlarge the range of applicability of photoemission theory. 
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Abstract. The basic theory of photoemission, inverse photoemission. Auger-electron 
and appearance-potential spectroscopy is developed within a unified framework starting 
from Fermi’s golden rule. The spin-resolved and temperature-dependent appearance- 
potential spectroscopy of band-ferromagnetic transition metals is studied in detail. It is 
shown that the consideration of electron correlations and orbitally resolved transition- 
matrix elements is essential for a quantitative agreement with experiments for Ni. 



1 Basic Electron Spectroscopies 

Electron spectroscopy [1,2, 3, 4, 5, 6] is one of the fundamental experimental tech- 
niques to investigate the electronic structure of transition metals. For a deeper 
understanding of the electronic properties, a meaningful interpretation of the 
measured spectra is necessary which is based on a reliable theory of spectro- 
scopies. This is particularly important for the study of band ferromagnetism 
which is caused by a strong Coulomb interaction among the valence electrons. 
Due to the presence of strong electron correlations, simple explanations of spec- 
tral features within an independent-particle model may fail. Here we try to clarify 
what physical quantity is really measured and what ingredients are needed for a 
theoretical approach to find a satisfactory agreement with the experimental data. 
We are concerned with the theory of four basic types of electron spectroscopy 
(see Fig. 1 and the articles by Braun, Donath, Ebert, Greber and Kakizaki in 
this book): photoemission (PES), inverse photoemission (IPE), Auger-electron 
(AES) and appearance-potential spectroscopy (APS). 

The spin-, angle- and energy-resolved (ultraviolet) valence-band photoemis- 
sion (PES) more or less directly measures the occupied part of the band struc- 
ture. Present theories of PES are mostly based on the so-called one-step model 
of photoemission [1,7, 8, 9] which treats the initial excitation step, the transport 
of the photoelectron to the surface and the scattering at the surface barrier as a 
single quantum-mechanically coherent process. The one-step model is essentially 
based on the independent-particle approximation. The valence electrons move 
independently in an effective potential as obtained from band-structure calcula- 
tions within the local-density approximation (LDA) of density-functional theory 
(DFT) [10,11]. There are recent attempts [12,13] for a reformulation of the one- 
step model to include a non-local, complex and energy-dependent self-energy 
which accounts for electron correlations. 

The one-step model also applies to inverse photoemission spectroscopy. IPE 
is complementary to PES and yields information on the unoccupied bands above 
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Fig. 1. Schematic picture of the initial and the final states for different electron 
spectroscopies. PES: photoemission spectroscopy (s = 1). IPE: inverse photoemis- 
sion (s = —1). AES: Auger-electron spectroscopy (5 = 2). APS: appearance-potential 
spectroscopy (s = —2). The grey region is the occupied part of the valence band 



the Fermi energy [9] . For example, IPE can be used to determine the dispersions 
of the Rydberg-like series of surface states in the \ j z image potential in front of 
the surface [6]. 

The theory of CVV Auger-electron spectroscopy (AES) is more complicated 
compared to PES /IPE since there are two valence electrons participating in the 
transition. Due to core state involved additionally, AES is highly element spe- 
cific. This feature is frequently exploited for surface characterization. Contrary 
to k resolved (inverse) photoemission, the Auger transition is more or less lo- 
calized in real space. High-resolution AES may thus yield valuable information 
on the local valence density of states (DOS). In the most simple theoretical 
approach suggested by Lander in 1953 [14], the Auger spectrum is given by 
the self-convolution of the occupied part of the DOS. Modern theories of AES 
also include the effect of transition-matrix elements [15]. Similar as the one-step 
model of PES and IPE, these approaches are based on the independent-electron 
approximation. 

Einally, the appearance-potential spectroscopy (APS) is complementary to 
AES. Within Lander’s independent-electron model [14] the AP line shape result- 
ing from CVV transitions is given by the self-convolution of the unoccupied part 
of the DOS. Matrix elements are included in refined independent-particle theo- 
ries [16]. Its comparatively simple experimental setup and its surface sensitivity 
qualifies APS to study surface magnetism, for example. Eor a ferromagnetic 
material, the spin dependence of the AP signal obtained by using a polarized 
electron beam gives an estimate of the surface magnetization as has been demon- 
strated for the transition metals Ee and Ni [17,18]. 

Common to all four spectroscopies are a number of fundamental concepts 
and approximation schemes used in the theoretical description. Therefore, it 
should be possible to develop the basic theory of PES, IPE, AES and APS 
within a unified framework. This is discussed in the following section 2. As a 
result of this basic theory of electron spectroscopies it found that in each case 
the intensity is essentially given in terms of a characteristic Green function. 
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The actual evaluation of the Green function is more specific and depends 
on the respective spectroscopy, on the material and the physical question to be 
investigated. In section 3 we will therefore pick up an example and give a more 
detailed discussion of APS for band ferro-magnets. 

A notable quality of APS is its direct sensitivity to electron correlations: In 
the AP transition, two valence electrons are added to the system at a certain lat- 
tice site. These final-state electrons mutually experience the strong intra-atomic 
Coulomb interaction U . As a consequence the two-particle (AP) excitation spec- 
trum is expected to show up a pronounced spectral-weight transfer or even a 
satellite with a characteristic energy of the order of U [19,20]. This is an impor- 
tant difference between the one- (PES, IPE) and the two-particle spectroscopies 
(AES, APS). To demonstrate this sensitivity to correlations in APS we consider 
the spin- and temperature-dependent AP spectra of ferromagnetic Nickel as a 
prototype of a strongly correlated and band-ferromagnetic material in section 4. 
The discussion of the calculations and the comparison with experimental results 
will show what presently can be achieved in the theory of electron spectroscopies. 
Some conclusions are given in section 5. 

2 Theory 

The basic theory starts from the Hamiltonian H which shall describe the elec- 
tronic structure of the system within a certain energy range around the Eermi 
energy. In addition, we consider a perturbation Vg that mediates the respective 
transition. Vg is assumed to be small and will be treated in lowest-order pertur- 
bation theory. The index s distinguishes the different spectroscopies (see Eig. 1). 
s = ± 1,±2 stands for the difference between the number of valence electrons 
before and after the transition. 

In the photoemission spectroscopy (PES, s = +1) a valence electron is excited 
into a high-energy scattering state by absorption of a photon. The photoelectron 
escapes into the vacuum and is captured by a detector depending on its spin, 
energy and angles relative to the crystal surface. Within the framework of second 
quantization, the perturbation can be written as: 

^+i = E + h.c. (PES) . (1) 

a'j 

annihilates a valence electron with quantum numbers 7 , and creates an 
electron in a high-energy scattering state a. The matrix element is calculated 
using the electric dipole approximation. This is well justified in the visible and 
ultraviolet spectral range. Neglecting the term quadratic in the field as usual 
and choosing the Coulomb gauge, one obtains: 

= (a|Aop| 7 ) {s = ± 1 ) . ( 2 ) 

Here p is the momentum operator and Aq is the spatially constant vector poten- 
tial inside the crystal. It can be determined from classical macroscopic dielectric 
theory. Note that we use atomic units with e = tUq = h = 1. 
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In an inverse-photoemission experiment (IPE, s = — 1 ) an electron beam 
characterized by quantum numbers a hits the crystal surface. An electron may 
be de-excited into an empty valence state 7 above the Fermi energy by emission 
of a photon. The photon yield is measured as a function of a (the polarization, 
the energy and the angles of the incident electron beam). We have: 

y_i = ^ M 7 + h.c. (IPE) . ( 3 ) 

ja 

Obviously, VLi = Vi. Both, PES and IPE, are induced by the same electron- 
photon interaction. 

In the case of the two-particle (s = ±2) spectroscopies AES and APS, the 
transitions are radiationless. Here the Coulomb interaction mediates between 
the initial and the final state. The initial state for AES {s = +2) is characterized 
by a hole in a core level (produced by a preceding core-electron excitation via 
x-ray absorption, for example). In the Auger transition the empty core state [3 is 
filled by an electron from a valence state 7. The energy difference is transferred 
to another valence electron in the state 7' which is excited into a high-energy 
scattering state a and detected. Thus, 

V+2 = E] a)j)^f}C~^CY + h.c. (AES) . ( 4 ) 



The creator 5 ^ refers to the core state. 

Finally, an electron (a) approaching the crystal surface can excite a core elec- 
tron (f 3 ) into a state of the unoccupied bands. Above a threshold energy both, the 
de-excited primary electron and the excited core electron occupy valence states 
(7, 7') above the Fermi energy after the transition. The appearance-potential 
spectroscopy (APS, s = —2) monitors the intensity of this transition as a func- 
tion of polarization, energy and momentum of the incoming electron beam by 
detecting the emitted x-rays or Auger electrons of the subsequent core-hole de- 
cay. The perturbation is: 

E_2= 4, c7^a„+ h.c. (APS). ( 5 ) 

Again, VL2 = E2. Since AES and APS are induced by the Coulomb interaction, 
the matrix element reads: 

|y)(P ly (2) (s = ±2) . (6) 

To calculate the cross sections for the different spectroscopies, time-depen- 
dent perturbation theory with respect to the perturbation Vg is applied. Using 
Fermi’s golden rule, the transition probability per unit time for a transition from 
the initial state \Ei) to the final state \Ef) is given by: 

w, = 27 t |(E/|V|Ei)|2 5{Ej -Ei- lo^) ■ 



( 7 ) 
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\Ei) and \Ej) are eigenstates of the grand-canonical Hamiltonian H — fiN with 
eigenenergies Ei and Ef. fi is the chemical potential and N the particle- number 
operator. Furthermore, uOg = for s = ±1 where uo is the photon frequency. 
(ujs = 0 for s = ±2). 

We proceed by applying the so-called sudden approximation which reads: 

1^/) ~ 7 Ef = Cq, + Eji (s = +1, +2) , 

\Ei) = (^a\En) 5 Ei = 6a -\- E^ {s = —1, —2) . (8) 

At this point we have neglected the interaction of the high-energy electron with 
the rest system. The latter is left in the n-th excited state of H with eigenenergy 
En. is the one-particle energy of the high-energy scattering state. The electron 
and the rest system propagate independently in time but consistent with energy 
conservation. Generally, the sudden approximation is believed to hold well if 
is not too small. We can furthermore assume that 

^ajEi) ~ 0 (5 = +1, +2) , ac^jEf) ^0 (5 = —1, —2) . (9) 

Hence, 

(EflV.lEi) = (E„l [a„, V]- \Ei) = (E„\Ti’^^Ei) {s = +l,+2) , 

{Ef\Vs\Ei) = (Ef\ [V,,ai]. |i?„) = {Er,\TE\Ei) (s = -1,-2) , (10) 

where denotes the commutator and 

Ti^'> = [a«, V]- = alc^ {s = ±1) , 

7 

= [«a, V]- = E ^«/37'7 b^C^CY (s = ±2) (11) 

(3El 

the transition operator. The transition probability per unit time now reads: 

= 27 t I {En\T^^ \Ei)\^ ^{E^ -\- — Ei — cug) {s = + 1 , + 2 ) , 

w,=27r\{Ef\TE\En)\^S{Ef-Er,-e„-L0,) (s = -l,-2). (12) 

To get the intensity A we have to average over the possible initial states. 
Initially, the system is assumed to be in thermal equilibrium: At the tempera- 
ture T {(3 = l/k^T) the system is found in the state \Ei) with the probability 
Wi = exp(— Here Z = exp(— is the grand canonical partition 
function. We consider an experiment that determines all quantum numbers a 
necessary for a complete measurement {s = +1, +2) or preparation (s = -1,-2) 
of the state of the high-energy electron. Consequently, all indices have to be 
summed over except for a. Eventually, this yields the intensity: 

27T 

IM) = Y E e~^^' \{En\Ti^^E,)\'^ S{En + t^-E,~ ujs) (s = +1, +2) , 

i,n 

= Y Vn)P 5{Ef -En-e^-LO,) (s = -1, -2) . 

f,n 



( 13 ) 




Theory of Electron Spectroscopies 361 



These expressions can be written in a more compact form. For this purpose 
we define the Green function [21] as: 



Gc.a'{E) 




m,n 



{En\T^f\Em){E^\Ti^^\En) 

E — {En — Em) 



(14) 



which can also be written in the form to show the 

dependence on the transition operator. With the help of the Dirac identity 
1/{E + i0+) = V{l/E) - i7r6{E), 



Isia) 2 ^ ^ Im G 

aa (E + iO^) 
aa (F; + io+) 



(5 — + 1 , + 2 ) , 

(5 = -1,-2). (15) 



One recognizes the Fermi function f{E) = l/(ex.-p{f3E) + 1) and the fact that 
both, the direct (s > 0) and the inverse spectroscopies (5 < 0) are described by 
the same (Green) function. In fact, the following relations hold: 

/+i(^) = I+ 2 {E) = e~>^^ 1.2(E) . ( 16 ) 

Eqs. (14) and (15) show that the intensity is given by a weighted sum of 5 peaks 
at the excitation energies E = E^ — Em- In the thermodynamic limit the energy 
spectrum will be continuous in general and thus the dependence Is{E) is smooth. 

The weight factors {En\T^}\Em){Em\Ta^ \En) distinguish between the different 
spectroscopies. 

The final equation (15) is the goal of our considerations so far. It relates 
the intensity to the Green function (14) which is a central quantity of many- 
body theory. It can be (approximately) calculated by standard diagrammatic 
methods such a perturbation theory with respect to the interaction strength or 
by methods involving infinite re-summations of diagrams [21]. This is an essential 
advantage compared with a direct evaluation of Eq. (13). The latter seems to be 
impossible since one would have to compute explicitly the eigenenergies E^ and 
eigenstates \En) of a system of interacting electrons. 



3 APS for Band Ferromagnets 

In the following we will concentrate on the appearance-potential spectroscopy 
to give an example how calculations can be performed in practice. Beforehand, 
however, some preparations are necessary. 

Core-hole effects. A characteristic feature of APS is the formation of a core 
hole. The energy of core level Cc involved in the transition determines the shallow 
energy: Energy conservation requires that the energy loss of the primary electron 
must be equal to or larger than Fp — Cc where Fp is the Fermi energy. Besides 
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this static effect there are also dynamic core-hole effects originating from the 
scattering of valence electrons at the local core-hole potential in the final state 
for APS [22,23]. The dynamic core-hole effects are usually neglected assuming 
the Coulomb correlation between valence and core electrons to be small and 
not to affect the AP line shape significantly. This is an approximation which is 
difficult to justify and which has to be checked in each case separately. 

It leads, however, to a substantial simplification of the problem. Similar to 
the sudden approximation discussed above, one can write: 

1^^) = ? Ei = Cc E'^ , h^\Ef) = 0 . (17) 

With essentially the same steps as above one gets: Zaps oc (1 — f{E)) lmG{E + 

where now + Cc and where G is a two-particle Green function of the 

type G = {{ ;^M*cjyCy)). Note that the core-electron creators are 

eliminated (cf. Eq. (11)). The only dynamic degrees of freedom left are those of 
the valence electrons ( 7 ). 



Hamiltonian. Characteristic for the valence electronic structure of the band- 
ferromagnetic 3d transition metals are the strongly correlated 3d bands around 
the Fermi energy which hybridize with essentially uncorrelated 4s and 4p bands. 
The band structure derives from a set of localized one-particle basis states I 7 ) 
with 7 specified as 7 = (i,L,cr). Here \iLa) is taken to be a localized (atomic- 
like) orbital centered at the site i of a lattice with cubic symmetry, a =t, i is the 
spin index. L is the orbital index running over the five 3d orbitals, the 4s and 
the three 4p orbitals. We also introduce an index m which labels the different 
d orbitals, namely the three-fold degenerate ^ 2 g and the two-fold degenerate eg 
orbitals. Using these notations the Hamiltonian H reads: 



H = 



E 

ii' LL'a 



lLL' 



4 

'iLa 



G'L'a + 



iaa' mi . ..m^ 



u. 






mim2m4m3 '^imia'^im2(r' Gmscj' '^im4cr 



(18) 

This is a multi-band Hubbard-type model including a strongly screened on- 
site Coulomb interaction among the d electrons. The hopping term (x tf-f" = 
{iLa \ = 0) \i'L'a) describes the “free” (non-interacting) band structure 

which can be obtained by Fourier transformation to k space tZf ^ (k) and 

subsequent diagonalization (k) e^(k). 



AP intensity. Having specified the one-particle basis and the Hamiltonian, we 
can write down the final expression for the AP intensity with all relevant depen- 
dencies made explicit: 






Li Z/2 L/2 



>< ((CLiacCL2crJ (^11 ’ ^)) ‘ 

The intensity depends on the quantum numbers (3 of the core hole formed, 
particularly on the spin ac of the core state, and on the quantum numbers a of 
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the incoming electron, its energy its momentum parallel to the crystal surface 
k|| and its spin cr^. 

The AP line shape essentially results from intra-atomic transitions. Conse- 
quently, those transition-matrix elements M that lead to off-site contributions 
to the intensity are neglected in (19). The “raw spectrum” as given by the imag- 
inary part of the Green function in Eq. (19) is therefore isotropic. Any angular 
(k||) dependence is due to the angular dependence of the high-energy scattering 
state in the matrix element. 

The energy dependence of the intensity, i. e. the actual AP line shape, is 
mainly determined by the two-particle Green function and reflects the energy- 
dependent probability for two-particle excitations. On the contrary, for typical 
kinetic energies of the primary electron of the order of keV the change of the 
matrix elements due to the energy dependence of the high-energy scattering 
states is expected to be weak over a few eV. 

Spin dependence. The Coulomb interaction that induces the transition conserves 
the electron spin orientation. So the spin orientations of the incoming electron 
Gi and of the core electron Gc in the initial state determine the spin orientations 
of the two additional valence electrons in the final state. For an incoming elec- 
tron with spin orientation gi one can distinguish between a “singlet” transition, 
i. e. excitation of a core electron with Gc = — cr^, and a “triplet” transition with 
Gc = Gi. It is important to note that the ratio between singlet and triplet tran- 
sitions is regulated by the symmetry behavior of the transition-matrix elements 
under exchange of the orbital indices. Assume, for example, that the matrix el- 
ement is symmetric: Then the transition operator for triplet 

transitions vanishes, ^^ 1^2 CiLia^CiL^a, = 0 for Gi = Gc, since 

c^Lo- = 0 (Pauli principle) and since CiL^ac^iL 2 ( 7 i is antisymmetric with respect to 
Li L 2 . Thus, a symmetric or even a constant matrix element (as is sometimes 
assumed for simplicity) completely excludes the triplet transitions. 

Consider a paramagnetic material for a moment. The argument above shows 
that a symmetric Ml^L 2 would imply Gc = — cr^, i. e. a fully polarized primary 
electron beam leads to a full polarization of the core hole. Thus, any deviation 
from full core-hole polarization must be due to the antisymmetric part of the 
matrix element. 

Below we will consider a ferromagnetic material and a situation where the 
spin state of the final core hole is not detected. Then, the intensities have to 
be summed incoherently: ^ ferromagnetic material 

one expects the intensity to be still dependent on the spin orientation of the 
primary electrons: (while above the Curie temperature). Let us 

assume again symmetric behavior: Ml^l^ = It has been argued above 

that this implies = 0 for Gi = ctc- Furthermore, it is easy to see that 

which implies Hence, = /^. In conclusion, any spin 

asymmetry in the intensity is due to a non- vanishing antisymmetric part of the 
matrix elements. The AP intensity asymmetry is much more determined by the 
symmetry properties of the matrix elements with respect to their orbital indices 
as compared to their spin dependence. 
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Direct and indirect correlations. Any diagrammatic approach gives the two- 
particle Green function ((cc;c^c^)) as a (complicated) functional JF of the one- 
particle Green function ((c;c^)). One can thus distinguish between direct and 
indirect correlations [23]. As has been shown above, the one-particle Green func- 
tion corresponds to the (inverse) photoemission spectrum. Indirect correlations 
in APS are those which originate from the renormalization of the free one-particle 
spectrum by the interaction term in (18). The direct correlations, on the other 
hand, are represented by the concrete form of the functional tF. Essentially, the 
direct correlations originate from the direct Goulomb interaction of the two ad- 
ditional valence electrons in the final state. Since both electrons are created at 
the same site, they are affected by the strong intra-atomic interaction. This may 
give rise to correlation-induced satellites in the AP spectrum as is demonstrated 
by the so-called Gini-Sawatzky theory [19,20]. 

When neglecting the direct correlations, the functional becomes a mere 
self-convolution of the one-particle Green functions. If furthermore the transi- 
tion-matrix elements are taken to be constant, the AP spectrum is simply given 
by the self-convolution of the unoccupied part of the one-particle density of 
states cx: Im((c;c^)). This is the so-called Lander model [14] which is frequently 
employed for a rough interpretation of the spectra. 

Within the framework of the self-convolution (Lander) model the two final- 
state electrons propagate independently. As a consequence one finds that only 
the direct term with Li = L[ and L 2 = L '2 and the exchange term with L\ = L '2 
and L 2 = contribute to the sum over the orbital indices. Generally, however, 
the Green function in Eq. (19) depends on four oihitdl indices. This implies that 
the usual characterization of the final state with two quantum numbers (d-d, 
5-d, etc.) is no longer valid if the direct correlations are included. The orbital 
character may change by electron scattering. 

4 Appearance-Potential Spectra of Nickel 

The significance of electron-correlation effects in APS shall be elucidated in a 
more detailed discussion below. For this purpose we concentrate on ferromagnetic 
Nickel as a prototypical 3d band-ferromagnet and compare the results of the 
theoretical approach with experimental data. 

Experiments. Experimental results are available for a Ni(llO) single-crystal sur- 
face with in-plane magnetization [24,25]. In the setup a spin-polarized electron 
beam is used for excitation which is emitted from a GaAs source. To correct for 
the incomplete polarization of the electrons (P ^ 30%), all data are rescaled to a 
100% hypothetical beam polarization. The spin effect is maximized by alignment 
of the electron polarization and the sample magnetization vector. The core-hole 
decay is detected via soft-X-ray emission (SXAPS). To separate the signal from 
the otherwise overwhelming background, modulation of the sample potential by 
a peak-to-peak voltage of 2V together with lock-in technique is employed. Details 
of the experimental setup can be found in Refs. [24,18]. 
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Fig. 2 shows the measured differential AP intensity as a function of the 
energy of primary electrons with polarization parallel (minority, |) or antiparallel 
(majority, t) to the target magnetization. The displayed energy range covers the 
emission from the Lm transition ( 2 ^ 3/2 core state). The Ln ( 2 ^ 1 / 2 ) emission 
would be seen at higher energies shifted by the 2p spin-orbit splitting of 17.2 eV. 

For T/Tc = 0.16 (Tq ~ 630 K) the system is close to ferromagnetic satu- 
ration. The AP spectrum shows a strongly spin-asymmetric intensity ratio as 
well as a spin splitting of the main peak at E = 852.3 eV (indicated by the 
dotted line). Since Ni is a strong ferromagnet, there are only few unoccupied 
d states available in the majority spin channel, and thus If < holds for 
the (non-differential) intensities. This is the dominant spin effect. The inten- 
sity asymmetry in the main peak gradually diminishes with increasing T and 
vanishes at Tq. 

The main peak is related to the high DOS at the Fermi energy. Within an 
independent-electron picture, one can thus characterize the main peak as orig- 
inating from transitions with two final-state electrons of d-d character mainly. 
This is corroborated by calculations based on DFT-LDA [18,16]. Additional 
small s-d contributions are present in the secondary peak at E ^ 859 eV as has 
been concluded from the analysis of the transition-matrix elements. The sec- 
ondary peak has been identified as resulting from a DOS discontinuity deriving 
from the L 7 critical point in the Brillouin zone [18]. No temperature dependence 
and spin asymmetry is detectable here. 

Hamiltonian. To study the significance of electron correlations, we consider a 
nine-band Hubbard-type model H = Hq-\- H i including correlated 3d and uncor- 
related As/Ap orbitals as given by Eq. (18). The first (“free”) term Hq is obtained 
from a Slater-Koster fit to the paramagnetic LDA band structure for Ni [26]. 
Opposed to PES/IPE, this comparatively simple tight-binding parameterization 
appears to be sufficient in the case of APS since the two-particle spectrum does 
not crucially depend on the details of the one-particle DOS. 

The on-site interaction among the 3d electrons is described by the second 
term Hi. Exploiting atomic symmetries the Coulomb-interaction parameters 
which depend on the four orbital indices mi, . . . , can essentially be expressed 
in terms of two independent parameters U and J. The numerical values for the 
direct and exchange interaction, U = 2.47 eV and J = 0.5 eV, are taken from 
Ref. [26] where they have been fitted to the ground-state magnetic properties of 
Ni. Residual interactions involving de-localized s and p states are assumed to be 
sufficiently accounted for by the LDA. Finally, a double-counting correction is 
applied to H since partially the interaction Hi is already included in the LDA 
Hamiltonian Hq (for details see Ref. [26]). 

Green funetions. The two-particle Green function in Eq. (19) is approximately 
calculated by using standard diagrammatic techniques. Because of the low den- 
sity of 3d holes in the case of Ni, it appears to be reasonable to employ the 
so-called ladder approximation [27] which extrapolates from the exact (Cini- 
Sawatzky) solution for the limit of the completely filled valence band [19,20]. 
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Fig. 2. (from Ref. [25]) Spin-resolved Lm Ni AP spectrum for different reduced tem- 
peratures T/Tc- Data points: measured differential intensity dl jdE as a function of the 
primary energy. For better comparison with theory the same data are shown twice (left 
and right panel). Lines, left: theory with direct and indirect correlations included (lad- 
der approximation). Lines, right: indirect correlations included only (self-convolution) 



For finite hole densities the ladder approximation gives the two-particle as a 
functional fF of the one-particle Green function (direct correlations). 

The one-particle Green function, which describes the indirect correlations, 
is calculated self-consistently within second-order perturbation theory (SOFT) 
around the Hartree-Fock solution [26]. For a moderate U and a low hole density, 
a perturbational approach can be justified [28]. A re-summation of higher-order 
diagrams is important to describe bound states (“Ni 6 eV satellite”) [29] which, 
however, are relevant for AES only. Since spin-wave excitations are neglected in 
the approach, the calculated Gurie temperature Tq = 1655 K is about a factor 
2.6 too high. Using reduced temperatures T/Tc, however, the temperature trend 
of the magnetization is well reproduced [26] . 

Matrix elements. The transition-matrix elements in Eq. (19), 

-^LiL 2 (^11 ’ = (2p,crd (k||£'(T,| \iLi(i^) \iL2(J^) , (20) 

are calculated by assuming the transition to be intra-atomic as usual [5,15,16]. 
The different wave functions as well as the Goulomb operator l/ri 2 are expanded 
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into spherical harmonics, the angular integrations are performed analytically, 
and the numerical radial integrations are cut at the Wigner- Seitz radius. 

Surface effects enter the theory via the high-energy scattering state \k\\E(7i). 
It is calculated as a conventional LEED state with ky = 0 to describe the nor- 
mally incident electron beam in the experimental setup. The (paramagnetic) 
EDA potential for Ni is determined by a self-consistent tight-binding linear 
muffin-tin orbitals (LMTO) calculation [30]. The 3d, 4s, and 4p valence orbitals 
\iLa) are taken to be the muffin-tin orbitals. The four- fold degenerate 2 ^ 3/2 
core state is obtained from the LDA core potential by solving the radial Dirac 
equation numerically. Its (relativistically) large component is decomposed into 
a (coherent) sum of Pauli spinors |2p,(Jc) with cjc =t:i- 

Results. The solid lines in Eig. 2 (left) show the spectra as calculated from 
Eq. (19) using the ladder approximation for the two-particle Green function. To 
account for apparatus broadening, the results have been folded with a Gaussian 
of width a = 0.6 eV (see Ref. [16]). The calculated data are shifted by 852.3 eV 
such that onset of the un-broadened spectrum for T/Tq = 0.16 coincides with the 
maximum of Lni emission in the experiment (dotted line). Eig. 2 and also a more 
detailed inspection show that the secondary peak at E ^ 859 eV is not affected 
by correlations at all. This is consistent with observed temperature independence 
of the peak and with the fact that the DOS has mainly s-p character at the 
discontinuity deriving from the L 7 critical point. The maximum of the secondary 
peak is therefore used as a reference to normalize the measured spectra for each 
temperature. 

What are the signatures of electron correlations? The indirect correlations 
manifest themselves as a renormalization of the one-particle DOS. Here, they are 
responsible in first place for the correct temperature dependence of the intensity 
asymmetry of the main peak in the AP spectrum. Details are discussed in Refs. 
[26,25]. The the direct interaction between the two additional final-state electrons 
and thus the direct correlations are much more important for APS. To estimate 
this effect, Eig. 2 (right) also displays the results of the self-convolution model 
for comparison (still including matrix elements as well as the fully interacting 
one-particle DOS). 

Looking at the results of the ladder approximation, the overall agreement 
with the measurements is rather satisfying. Except for the lowest temperature 
the intensity, the spin splitting and the spin asymmetry of the main peak are 
well reproduced and, consistent with the experiment, a negligibly small inten- 
sity asymmetry and spin splitting is predicted for the secondary peak. However, 
switching off the direct correlations (Eig. 2 , right), results in a strong overesti- 
mation of the main peak structure. 

A plausible qualitative explanation of this pronounced correlation effect can 
given within the Gini-Sawatzky theory: Eor low hole density the main effect of 
the direct correlations is known to transfer spectral weight to lower energies 
inaccessible to APS. This weight shows up again in the (complementary) Auger 
spectrum (recall that APS and AES are described by the same Green function). 
Hypothetically, for [/ ^00 all weight would be taken by a satellite split off at the 
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Fig. 3. (from Ref. [25]) Ni AP spectrum for T = 0. (a) full theory, (b) as (a) but 
matrix elements taken to be constant (see text) 

lower boundary of the Auger spectrum [19,20]. A considerable weight transfer is 
in fact seen in AES [5,31]. 

Fig. 3 shows the effect of the transition-matrix elements. Their importance 
for a quantitative understanding of spin-resolved APS can be demonstrated by 
setting (k|| , E) = ±1 = const for L\ > L 2 or L\ < L 2 , respectively, 

(see below) and comparing with the results of the full theory. Their energy 
dependence (via the energy dependence of \ln\\Eai)) is weak over a few eV at 
energies of the order of keV and cannot explain the difference between (a) and 
(b) in Fig. 3. The main difference is rather a consequence of the fact that the 
radial 2p core wave function has a stronger overlap with the (more localized) 
3d as compared to the (more de-localized) 4s/4p radial wave functions. This 
implies a suppression of the s-p contributions to the orbital sum in Eq. (19). 
The features above E = 860 eV originate from additional discontinuities of the 
5-p-like DOS (as for the peak at F 859 eV). 

For T < Tq the spin asymmetry of the spectrum is mainly due to the spin 
dependence of the Green function in Eq. (19). If the calculation of the matrix 
elements (20) starts from the spin-polarized L{S)D A potential, an additional spin 
asymmetry is observed resulting from the spin dependence of the states in Eq. 
(20). This, however, is small and has practically no influence on the results. 

On the other hand. Fig. 3 shows a strong suppression of the intensity asym- 
metry at high energies when taking matrix elements into account. This effect 
is controlled by the symmetry of the matrix Ml^l^ = (ky , E). In the 

antisymmetric case, (Li ^ L 2 ), there is a maximum spin 

asymmetry (Fig. 3) while, even for a ferromagnet, there is no spin asymmetry 
at all for the symmetric case, as discussed in section 3. The results of the full 
calculation along Eq. (20) are neither fully symmetric nor antisymmetric with 
respect to Li, L 2 . 
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5 Conclusions 

It has been shown that the basic theory of different electron spectroscopies, 
PES, IPE, AES and APS, can be developed within a unified framework. Starting 
from Eermi’s golden rule and employing the sudden approximation, the intensity 
can be expressed in terms of a one- or two-particle Green function including 
electron-photon or Coulomb matrix elements, respectively. Citing APS from the 
typical band ferromagnet Ni as an example, it could be demonstrated that a 
quantitative agreement with spin-resolved and temperature-dependent measured 
spectra can be achieved when the basic spectroscopic formula is taken seriously 
and is evaluated by modern techniques of solid-state theory. 

In particular, it has been shown that there are pronounced (direct) correlation 
effects in the AP line shape of Ni. While s-p derived features at higher energies 
appear to be sensitive to the geometrical structure only, the main peak is strongly 
affected by the direct interaction between the two additional final-state electrons. 
Consistent with the Cini-Sawatzky model and consistent with the well-known 
Ni Auger spectrum, there is a considerable spectral-weight transfer to energies 
below the threshold. For Co and Fe one can even expect stronger effects of d- 
d correlations on the AP line shape since the d-hole density is larger than in 
Ni. Simple self-convolution models neglecting the direct correlations must be 
questioned seriously. 

It has also been demonstrated that a mere computation of the (two-particle) 
Green function is insufficient to describe spin-resolved APS. The spin asymmetry 
of the AP signal is found to be mainly determined by the orbital-dependent 
transition-matrix elements and their transformation behavior under exchange of 
the orbital quantum numbers. 

Considering the temperature dependence of the spectra and the magnetic 
order resulting from strong (indirect) correlations in addition, one can state that 
the AP line shape of a typical ferromagnetic 3d transition metal is determined 
by a rather complex interplay of different factors. 

Despite the fact that a reasonable understanding of APS from Ni has been 
achieved, there is much work to be done in the future: An open question con- 
cerns the importance of core-hole effects in APS, for example. For the present 
case there has been no need to consider scattering at the core-hole potential in 
the final state. This may likely be different for systems with a smaller 3d oc- 
cupancy. Furthermore, one must recognize that even the determination of the 
valence-band Green function is a central problem of many-body theory. Recently 
much progress has been achieved to deal with single-band models [32] ; for a quan- 
titative interpretation of electron spectra from transition metals, however, one 
needs a theory that realistically includes orbital degeneracy and sp-d hybridiza- 
tion from the very beginning. Compared to perturbation theory or lowest-order 
re-summation of diagrams, as employed here, improvements are conceivable and 
necessary albeit not easily performed. 
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Abstract. A simple scheme that is based on the Green’s function formalism is intro- 
duced, that allows to investigate spin-orbit-induced properties in magnetic solids in a 
very transparent way. This is demonstrated by investigations on the orbital magnetic 
moments, on the Fano effect in angle-integrated valence band photoemission and on 
magnetic circular dichroism in X-ray absorption. Numerical results obtained by addi- 
tional fully relativistic calculations are presented to support the various conclusions 
drawn from the analytical considerations. This applies in particular to the interpre- 
tation of the magnetic circular dichroism in X-ray absorption (MCXD) on the basis 
of the so-called sum rules, which relate the dichroic spectra to the spin and orbital 
magnetic moments of the absorbing atom. 



1 Introduction 

The simultaneous presence of magnetic ordering and spin-orbit coupling gives 
rise to many interesting phenomena that in several cases have important techno- 
logical applications. Some examples for these are the magneto-crystalline aniso- 
tropy [1], the magnetostriction [2], the magneto-optical Kerr effect [3] and the 
galvano-magnetic effects [4] (see also the contributions of R. Wu and O. Eriksson 
et al in this volume). The primary source for these phenomena is the reduction 
in symmetry of a system compared to its paramagnetic state that is caused by 
the interplay of magnetic ordering and spin-orbit coupling. A very detailed way 
to study the consequences of this reduction in symmetry is to apply various 
kinds of electron spectroscopy and to study the corresponding magnetic linear 
and circular dichroism, MLD and MCD, respectively. Results of corresponding 
theoretical studies are presented for the angle-integrated valence band photoe- 
mission and the X-ray absorption. These investigations are done by making use 
of a fully relativistic description of the underlying electronic structure within the 
framework of spin density functional theory. To allow the treatment of a wide 
range of different systems as ordered compounds, disordered alloys, surfaces as 
well as impurity systems, the fully relativistic Green’s function formalism is used 
in connection with multiple scattering theory for this purpose. To achieve a more 
transparent description of the various complex dichroic phenomena a simplified 
approach is introduced that treats spin-orbit coupling as a perturbation. This 
approach provides in particular a simple access to the so-called MCXD sum rules 
that connect the spin and orbital magnetic moments of an absorbing atom and 
its circular dichroic X-ray absorption spectrum Afi. 



K. Baberschke, M. Donath, and W. Nolting (Eds.): LNP 580, pp. 371-385, 2001. 
(c) Springer- Verlag Berlin Heidelberg 2001 
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2 Effective Single-Particle Hamiltonian 

for Magnetic Solids Including Spin-Orbit Coupling 

One of the most satisfying and accurate way to study spin-orbit induced proper- 
ties is to start from the Dirac Hamiltonian for spin-polarised solids, that is set up 
within the framework of spin-density functional theory [5] . This fully-relativistic 
approach supplies the basis for all calculations to be presented below. This also 
applies for the contribution of J. Braun to this volume, where a short description 
of this approach can be found. To allow for a more transparent discussion of the 
various spin-orbit-indnced properties we will use in parallel in the following the 
modified Schrodinger Hamiltonian: 

a = + V{r) + CT ■ ■ I . (1) 

^xc 'Hsoc 

Here, the spin-dependent exchange correlation term 

"Hxc = o- ■ -Bxc(t’) (2) 

accounts for the spin polarisation of the system. In the following we will restrict 
ourselves to collinear spin structures with the spin magnetisation aligned along 
the z-axis of the system. Accordingly, one can restrict the scalar product cr • B^c 
to its zz-part 

There are now several different methods available to derive relativistic cor- 
rections to the Schrodinger Hamiltonian [6]. The most important of these cor- 
rections are the mass- velocity, the Darwin and the spin-orbit coupling terms [7]. 
The former two so-called scalar relativistic corrections are not of interest here, 
because they do not involve any of the Pauli spin matrices cr^. In particular, 
because they transform like a scalar under symmetry operations, they do not 
introduce any anisotropy in the system. The remaining spin-orbit coupling term 
is usually written in the form [8] : 

^soc = ^{r) ]^cr ■ I 

= ^ + (o-x^x + o-y^y)] ■ (3) 

Here we assumed that Hsoc is derived from a spherically symmetric poten- 
tial V(r); i.e., ^(r) stands for — fSl. In addition, we ignored a spin- 

r dr 

dependence of the potential. The simple decomposition of the spin-orbit coupling 
operator in (3) shows immediately that only the first part of Hsoc commutes 
with the spin-dependent term H^c- As a consequence, if one performs band 
structure calculations, ignoring the other parts of Hsoc, spin is left as a good 
quantum number; i.e., the electronic states still have pure spin-up or spin-down 
character. This is demonstrated in the middle panel of Fig. 1, where results of a 
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corresponding calculation for fcc-Ni are shown. Compared to a non-relativistic 
calculation the spin-orbit coupling gives rise to a removal of degeneracies (e.g., 
at the I^-point) and removes band crossings (e.g., at the positions E and F), but 
the spin character {^nk\<^z\^nk) for any Bloch state \^nk) is restricted to ±1. If, 
on the other hand, only the second part of the Hsoc is kept, one notes that it 
gives rise to a mixing of states with different spin character (e.g., at positions C 
and D in the right panel of Fig. 1). For the most general case with the complete 
operator Hsoc accounted for, all consequences of spin-orbit coupling - removal 
of degeneracies and mixing of states with and without the same spin character - 
are present at the same time (see left panel of Fig. 1). Fortunately, as it will be 
shown below, one does not have always to deal with this most general situation. 




Fig. 1. Dispersion relation Enk of fcc-Ni for the magnetisation M and the wave vector 
k along the [001] and [100] axis, respectively. The panels show from left to the right 
results based on the full Dirac equation and those obtained keeping only the zz and xy 
terms in (3) 



3 Spin-Orbit-Induced Properties 
via Perturbation Theory 



In the following, the spin-orbit coupling operator Hsoc will be treated as a 
perturbation to the remaining part Ho = H — Hsoc of fke Hamiltonian given 
in (1). The standard way to deal with this problem is to represent the electronic 
structure in terms of Bloch wave functions l^nfc(r) and the associated eigenvalues 
Enk [9]. Instead of this, we use the retarded single-electron Green’s function for 
this purpose, that is related to the Bloch wave functions ^Z^nfccr(r, Enka) and the 
energies EnkO' by the corresponding spectral representation [10]: 



Go{r,r\E) 



lim ■^'^^cr)^nfccr •) Enka) 

’7^0 E — Enka + 

nka 



(4) 
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Here we have added explicitly the spin index a indicating that the wave func- 
tions are spinor functions. Accordingly, Go{r,r'^E) is a 2x2 matrix function. 
Although (4) can be used to obtain Go{r^ r', E) after calculating the wave func- 
tions and the energies E^ka [H], h is more convenient to use the multiple 

scattering theory representation for it [12]: 

Go{r,r',E) = J2zh{r,E)T^^^^,iE)Z^^,{r',E) 

jCjC' 

-J2zhir<,E)f^ir:,,E)6ij. (5) 

c 

Here the wave functions E) and E) are the regular and irregular, 

respectively, solutions to the single-site Schrodinger equation corresponding to 
77o- These functions are again spinors of the form 



Zc{r,E) = Zi,{r,E)YL{r)xa, (6) 

where YL{r) is a complex spherical harmonic and Xcr is a Pauli spinor. The indices 
C and L stand for the quantum numbers (/, m, a) and (/, m), respectively. Finally, 
the quantity is the scattering path operator that connects the lattice sites 
j and z, i.e., it transfers an incoming wave at site j with character jC' into an 
outgoing wave at site i with character C. For the scattering path operator 
based on the Hamiltonian 77o there is no source for spin-flip scattering processes. 
Accordingly, E^^^, is diagonal with respect to the spin: 

(7) 



As a consequence, the corresponding Green’s function has the simple spin- 
diagonal form: 



Co = 



0 G; 






(8) 



where all arguments have been suppressed. If the spin-orbit coupling operator 
'Hsoc is included in the calculation of the Green’s function, one will have the 
more general form: 



G = 



/Qn G-nx 



( 9 ) 



The Green’s function G can related to the Green’s function Go of the unper- 
turbed system described by Ho by the Dyson equation [10]: 

G = Go + GoHsoc^ (10) 

= Go + GoHsocG^o + G{)1~LsocGq1-LsocGo + . . . (11) 

In the second equation we have expanded the second term by repeatedly inserting 
(10) into itself. 
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With the Green’s function G available one can now calculate the expectation 
value of any operator A [10]: 



(.4) = — — Trace Im ^ G 

7T 

= — — Trace 1mA (Gq 

7T V 



GqT-LsoqGq 



--)■ 



(12) 

(13) 



For the second equation, the expression for the Green’s function as given 
by (11) has been used. Obviously, this allows one to study the source for any 
spin-orbit-induced property in detail. 

In applying (13) one has to note that products like GqKsocG'o correspond 
in practice to integrals with respect to the spatial variable r" of the form 

Jd^r" Go{r,r" j E) 'Hsoci'f'") Go{r" ,r' , E) that extend over the whole space. 
Expressing the Green’s function Gq according to (5) this implies that one has 
terms like with j running over all lattice sites; i.e., r" 

j 

is restricted to the corresponding atomic cells centred at sites j. In addition, 
one has on-site contributions connected with the second term in (5). Because 
we are interested here only in a qualitative discussion of the consequences of 
^soc, we will ignore this term in the following. In addition, we will restrict the 
lattice summation to j = i.e., only products like Tj^]^,,^{E)Tj^ni^,^,{E) of the 

site-diagonal scattering path operator will occur. 

4 Spin-Orbit-Induced Orbital Magnetic Moment 



One of the most prominent consequences of ^soc is that the orbital angular 
momentum is no more quenched in a magnetic solid. This can be demonstrated 
straightforwardly using (13) to calculate the expectation value of the operator 

h: 



{Iz) — Trace Im /2 (Gq + GqEsocGq + . . .) 

7T 



(14) 



/ -C/F ^ 

E/ {ZcA^z\Zci)tciC2 {Zc2\'^sog\Zc3)tc2C3 (15) 

r r r r 






Im f 

la m I'm' 



G TTl Elml'm'a ^I'm'lma • 



(16) 



From this, the corresponding orbital magnetic moment /iorb is simply obtained 
from /iorb = /^b(4)- 

In passing from (14) to (15) we made use of the fact that, without spin-orbit 
coupling, the orbital angular momentum is indeed quenched. This can be seen by 
evaluating the corresponding 0-th order term in (14) making use of the properties 
of the matrix elements {Zc\lz\ZjC/) = m{Zi\Zi)6cc’ cind of the scattering path 
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operator tcc' = ^LL'a^aa'^ This means that the hrst non- vanishing contribution 
to (/z) or /iorb? respectively, is 1-st order with respect to Hsoc- Because the 
matrix elements {Zc\lz\ZjC') as well as are spin-diagonal, only the spin- 
diagonal matrix elements {ZclHsoclZa) have to be considered in (15). This 
means that only the spin-diagonal zz-part of Hsoc in (3) contributes to /iorb- 
Inspection of (16) immediately shows that /iorb vanishes if there is no spin 
polarisation because in this case neither the radial spin-orbit matrix element 
= {Zia\C{r)\Zia) nor the scattering path operator depend on a. Fur- 

thermore, one finds for the spin-polarised case that /iorb is approximately given 
by the spin polarisation nj^{EY) —nj^(E-F) at the Fermi level E-p, where nf^(Ep) 
is the (/, m, cr) -projected density of states (DOS) [13]. 

The properties of /iorb derived from (14) - (16) can straightforwardly be 
demonstrated by corresponding calculations. An example for this is given in 
Fig. 2, where the spin-orbit-induced orbital magnetic moment of Fe in the dis- 
ordered alloy Feo. 2 Nio .8 is shown as a function of the strength of the spin-orbit 
coupling [14]. These calculations have been done in a two-fold way. In a first set of 




Fig. 2. Spin-orbit-induced orbital magnetic moments /iorb of Fe in Feo.2Nio.8 as a 
function of the spin-orbit coupling strength scaling parameters x and Cq /c^ , respectively 
(see text) 



calculations the speed of light c has been varied. Because the leading relativistic 
corrections are proportional to 1/c^, /iorb is plotted as a function of (cg/c^) with 
Co the proper speed of light. For the second set of calculations only the spin-orbit 
coupling has been manipulated by scaling the corresponding spin-orbit coupling 
strength with a factor x [14]. As one can see, in both cases /iorb varies linearly 
over a wide range of the two parameters. For x = 0 or (cq/c^) = 0, respectively, 
i.e., in the non-relativistic limit, /iorb vanishes. For x and (cq/c^) larger than 1 
(the Dirac case) there is hardly a deviation from the linear behaviour. This is not 
a general rule, because for heavier elements deviations from the straight line can 
be quite pronounced. Finally, it should be mentioned that the coincidence of the 
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two data sets shown in Fig. 2 demonstrate that the so-called scalar relativistic 
corrections have not much influence on //orb and that they do not lead to a finite 
value for /iorb if f he spin-orbit coupling is suppressed (second data set for x = 0) . 

5 Fano Effect in Magnetic Dichroism Photoemission 

Spin-orbit coupling gives rise to many interesting phenomena in the electron 
spectroscopy of magnetic solids. A rather straightforward access to the under- 
standing of these phenomena is provided by the study of the Fano effect. This 
effect was predicted by Fano at the end of the sixties and denotes the fact that 
one obtains a spin-polarised photoelectron current even for paramagnetic sys- 
tems if the excitation is done using circularly polarised light [15]. A theoretical 
description of the effect can be obtained by using the one-step model of photoe- 
mission [16], that enables one to express the photocurrent /(F, Aj, cr; cj, g, A) for 
photons with frequency uj and polarisation A in terms of the electronic Green’s 
function: 

I{E,k,a;uj,q,X) (X J r J r' , E ^ hv) 

xn^lmG{r,r' ,E + fkv) . (17) 

Here the Green’s function G represents the initial band-like states of the valence 
band, while the hnal states with energy E' = E -\- wave vector k and 
spin a are given as a so-called time-reversed FEED state [17]: 

cf>lT\r,E') = 47TY,i'ymti{E')Zi{r,E')YL{r)xa , (18) 

L 

where ti is the single-site scattering matrix [12]. 

Eor our present purpose it is again sufficient to treat spin-orbit coupling 
as a perturbation (for the fully relativistic counterpart see the contribution of 
J. Braun). This implies in particular that Hx is the standard non-relativistic 
electron-photon interaction operator [8]. Eurthermore, the influence of the spin- 
orbit coupling on can be ignored because the radial matrix elements {Zi 

\^{r)\Zi) decay rapidly with increasing energy E' . 

Inserting the expressions for G, and l~Lx into (17) one gets a very general 
expression that allows to deal with the spin and angle-resolved photoemission of 
solids. Although the Eano effect can be studied in great detail also for the angle- 
resolved case, we are interested here only in the angle-integrated mode. This 
implies that one has to average the expression for /(F, k, a; cj, g. A) with respect 
to the wave vector k of the photoelectron. Eor the spin-resolved photocurrent 
of a paramagnetic solid one obtains that way: 

I ^ ^ mi ^ ^ 

^ ^ ^ \_Ef2 IbU T2777,i2m2 T Cl ^2 Im {T2rni2rn2'^2rn22rni)'\ 5 (1^) 
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where Ru' is a radial dipole matrix element with Ru' = {Zi\r\Zii) / ^fWi and the 
normalisation integral = (Zi\Zi). Analogously, = Ci/Ni is the normalised 
matrix element of the spin-orbit operator. In (19), one can identify the terms 
Ni Im Timim with the /, m-projected DOS. This leads to the conventional interpre- 
tation of angle-integrated valence band X-ray photoemission spectra (VB-XPS); 
i.e., their intensity reflects the sum over the matrix element weighted partial 
DOS. In writing down (19) use has been made of the fact that we are dealing 
with a paramagnetic solid; i.e., none of the matrix elements nor the scatter- 
ing path operators depend on the spin character. Nevertheless, one may have 
a spin-polarised photocurrent that is obtained by calculating the correspond- 
ing spin-difference AI\ = /|^ — As it can be easily seen from (19) the 0-th 
order term with respect to Hsoc does not contribute to AI\. Restricting the 
/-character of the initial states to / = 2, i.e., d-electrons (see below), one ends 
up with the very simple expression: 



AIx oc (2/ + 1) 



I 1 2 
-m A mi 



X ^ ^ m2 Im {T2rni2rn2'^2rn22rni) 



oc Six Im [rt 2 ^ . 



For the last step we assumed a cubic system. In that case only two different 
elements, and of the scattering path operator matrix occur because of 
the high symmetry. The sign function Si\ in (20) has the simple properties for 
left (LCP) and right (RCP) circularly polarised light: 



' +1 d ^ p A = +1 (LCP) 

-1 d ^ f A = +1 (LCP) 

Six = < • (21) 

-1 d^p A = -l (RCP) 

^+1 d^f A = -l (RCP) 



From this, one can see that the spin-difference for d^p and d^f transitions 
is just reversed in sign. In addition, one also can see that if the helicity of the 
radiation is reverted the spin-difference simply changes its sign. This implies in 
particular that if unpolarised radiation is used for excitation, i.e., an average 
with respect to left and right circularly polarised radiation is taken, the spin- 
difference vanishes exactly. Of course, this is what one would expect. 

The scheme sketched above in short allows one to analyse corresponding ex- 
perimental data in a very simple way. This is demonstrated in the following for 
the case of fcc-Cu that was investigated recently using left circularly polarised 
radiation (A = +1) at 600 eV. The left panel of Fig. 3 shows the correspond- 
ing experimental spin-integrated spectrum in comparison with its theoretical 
counterpart. The latter was calculated in a fully relativistic way and appropri- 
ately broadened to account for experimental resolution and finite lifetime effects, 
leading to a very good agreement with experiment. A decomposition of the the- 





Magnetic Dichroism in Electron Spectroscopy 379 





Fig. 3. Left: spin and angle-integrated VB-XPS spectrum of fcc-Cu for a photon energy 
of 600 eV. Right: spin-difference =1^ — 1'^ of the photocurrent for excitation with 
left circularly polarised radiation. Theory (full line); experiment (dashed line) [18]. The 
left panel shows in addition the theoretical spin-resolved spectra 



oretical spectrum according to the /-character of the initial state shows that 
the d-contribution is by far dominating and that the spectrum indeed maps 
the corresponding DOS. As it can be seen from Fig. 3 (left panel), the theo- 
retical spin-resolved photoemission spectra differ slightly. The corresponding 
spin-difference AI^ = is shown in the right panel of Fig. 3. The fully 

relativistic calculations again reproduce the experimental data in a very satisfy- 
ing way. As deduced from the above considerations, the spin-difference should be 
first order with respect to Hsoc • This can be demonstrated by the fully relativis- 
tic calculations performing a scaling of the strength of the spin-orbit coupling. 
Figure 4 shows that this expectation is completely confirmed. By keeping only 
the spin-diagonal zz-part of ^soc during the calculation of the spectra, one 
can furthermore demonstrate that AI\ is primarily due to the zz-part (see right 
panel of Fig. 4). This result is of course caused by the fact that AI\ is a first 
order effect with respect to T~Lsoc as follows from (19) - (20). 

As mentioned above, reverting the helicity leads to a change in sign of the 
spin difference AI\. This implies in particular that there is no change in the 
total photocurrent or cross-section I\ if the helicity is reverted. In other words, 
there is no circular dichroism for paramagnetic solids (this is not strictly true, 
because by going beyond the dipole approximation used here, there may be 
a natural circular dichroism [19]. However, this effect occurs only for crystals 
having a certain space group symmetry). For a magnetic solid, on the other 
hand, this balance may be broken and a magnetic circular dichroism may occur. 
This effect again can straightforwardly be deduced from the counterpart of (19) 
for the spin-polarised case and is demonstrated in Fig. 5. Obviously, a circular 
magnetic dichroism is present in spite of the angular average taken with respect 
to the photoelectron wave vector. So far corresponding experiments were done 
only for the angle-resolved case [20] and will be discussed in detail by J. Braun. 
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Fig. 4. The theoretical results for the spin-difference obtained by model calcula- 
tions. Left: the strength x of the spin-orbit coupling has been varied between 0 and 1. 
Right: only the spin-diagonal (zz) and only the spin-mixing (xy), respectively, part of 
the full spin-orbit coupling has been kept for the calculations 




Fig. 5. Theoretical VB-XPS spectra of Coo. 6 Pto .4 for left (/+, dotted line) and right 
(/_, thin solid line) circularly polarised radiation and photon energy hco = 1253.6 eV, 
together with the difference in intensity for left and right circularly polarised radiation 
(thiek solid line) 



6 Magnetic Dichroism in X-Ray Absorption 

X-ray absorption experiments allow one to probe the electronic structure of 
complex systems in an element specific way. Corresponding investigations of the 
magnetic circular X-ray dichroism (MCXD) give additional information on mag- 
netic properties. This could first be demonstrated by measurements of Schiitz 
and coworkers at the K-edge of bcc-Fe [21]. A description of this experiment can 
be obtained by expressing the X-ray absorption coefficient for radiation with 
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polarisation A by means of the electronic Green’s function: 

m\Hx\<^A:)?5{Ei-EA^-huj) (22) 

Ac f 

(23) 

Ac 

oc Im ^ ^ {^aM{\Zc,)tc,cAZcM^a.) 

Ac C\C2 

+ Im 5 ] ^ {<^A^n\\Zc,)Tc,c,{Zc^%soc\Zc,) 

Ac ^ 1^2 
^3^4 

>^TC3cAZCi\fl\\^A,) , (24) 

where is a core state wave function labelled with the corresponding rela- 
tivistic quantum numbers = (/^c^/^c) [22] and is a final band state. 

Here we made again use of the expansion of Green’s function given in (11) up 
to first order in T^soc- Dealing with the special case of a K-edge, one can write 
the core state as ^Uc(^) = </^Ocr(^)^o°(^^)Xcr* Because of the dipole selection rules 
the angular momentum of the final state is restricted to / = 1. Accordingly, one 
gets: 

tli OC Im^(Zi,|r|(^Oa)Arr|U^|ro°>'nmlma5mA 

CT 

+ Im ^ {ZiAAM'^ {YnY^yS? 

a 

a lm <7 ^mX •> (25) 

I'm' 

with the corresponding magnetic circular dichroism 
= Mk - Mk 

OC Im E^E {ZiaW0a?{ynyM?ri^lma5mX 

A = zt 1 CT 

+ Im ^ \ Y,{ZiAr\M'' {y^yM? 

A = i 1 CT 

X y^^amAi'gTi ml'm'a ^I'm' Ima ^mX 
I'm' 

OC Im '^{ZiAr\4>0gf a mAi' a Tim i' m'a '^I'm' Ima 

a m I'm' 

The resulting expression clearly shows that A/xk is first order with respect to 
Ksoc- As a consequence, there are again only spin-diagonal contributions to 
A/iK- A simple interpretation of the dichroic spectrum A/tk can be achieved 
by restricting the expression for spin-orbit-induced orbital angular momentum 



(26) 

(27) 

(28) 
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Fig. 6. Orbital polarisation - 7 ^(/z)p (solid line) corresponding to (29) for the p-states 

d-c/ 

of fcc-Ni compared to the MCXD spectrum (dashed line) at the K-edge corresponding 
to (28) 



given in (16) to p-like valence band states: 

/ Ef 

m E dm a l' m' a El' rn' Irna • 

cr m I'm' 

Ignoring the spin and energy dependence of the occuring radial dipole matrix 
elements (Eio-|r|0oo-) in (28) one finds that AfiK reflects the orbital polarisation 

TT^(^z)p of the p-states. 
clE 

Because the restriction to the site-diagonal terms (see the end 

of Sect. 3), only the spin-orbit coupling at the site of the absorbing atom is 
accounted for as a source of AfiK and /iorb in (28) and (29). If this restriction 
is dropped, the spin-orbit coupling for the neighbouring sites may contribute as 
well in a rather substantial way. This has been demonstrated by corresponding 
model calculations [23,24,25]. Here it should be noted that an expression similar 
to that given in (24) and including the site-off-diagonal terms 
been used by Brouder and coworkers to deal with the MCXD at the K-edge of 
pure Fe [26]. 

The results of the fully relativistic calculations shown in Fig. 6 demonstrate 
that the simple interpretation of the dichroic spectrum AfiK works very well 
over a wide range of energies. In particular it supports the interpretation of the 
dichroic spectrum AfiK on the basis of a simple rigid band model suggested by 
Brouder et al [26] that assumes a rigid shift of the m-resolved p-like DOS curves 

due to the spin-orbit coupling. The relation of Ajj,k and -r^(/z)p shown in Fig. 6 

ciE 

is the differential form of one of the so-called MCXD sum rules. For p-like final 
states the corresponding integral sum rule has first been derived by Igarashi and 
Hirai [23]. 
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Fig. 7. Orbital polarisation ^(/z)d {solid line) for the d-states of Pt in FesPt com- 
pared to that derived from the MCXD spectra at the L 2 , 3 -edges {dashed line) using the 
differential sum rule in (31) (bottom). The upper panel gives the corresponding curves 
for the spin polarisation ^{(Jz)d- The small contribution ^(Tz}d has been ignored 



For the L 2 , 3 -edges the situation gets much more complex because spin-orbit 
coupling splits the initial core states into two sub-shells with pi/ 2 - and P 3 / 2 - 
character. As a consequence, the resulting magnetic dichroic spectra do not 
reflect only the orbital polarisation of the final states. Nevertheless, one can 
derive corresponding sum rules that in their integral form have been first derived 
by Carra et al [27] and Thole et al [28]: 

f N 

J (^MLs ~ 2A^L2) d-E = ((<^z) + ^{T^)) (30) 

f N 

J {Auls + dE" = ^(^z) , (31) 

where N is the integrated spectrum for unpolarised radiation and A^h is the 
number of unoccupied d-states, i.e., of d-holes. Finally, = \ [a — 3f (r • a)]^ is 
the z-component of the magnetic dipole operator. As for the K-edge spectrum, 
a very stringent check of these rules can be made if they are used in their 
differential form [29]. Corresponding results for the L 2 , 3 -edges of Pt in Fc 3 Pt are 
shown in Fig. 7. As one notes, the spin and orbital polarisation, ^(cTz)d and 
^(/z)d 5 respectively, for the d-states of Pt as determined directly from the band 
structure calculations are nearly identical to those derived from the calculated 
absorption spectra using the sum rules in (30) and (31). Here one should note 
that the term {Tz)d in (30) has been ignored, because it was found to be much 
smaller than {az)d- However, this does not have to be always the case because 
a finite value for {Tz)d is caused by the presence of spin-orbit coupling as well 





384 



H. Ebert, J. Minar, and V. Popescu 



as a low symmetry of the system. If the latter source contributes to {Tz)d this is 
in general no more negligible when applying the sum rules [30]. In spite of this 
problem and several additional ones [3], one can derive rather reliable estimates 
for the spin and orbital magnetic moments of an absorbing atom if the sum rules 
are carefully applied to spectroscopic data. 
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Neutrons as a Probe of the Magnetic Moment 
Stability in Itinerant Electron Ferromagnets 
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Abstract. The size of the magnetic moment of itinerant electron ferromagnets de- 
pends, among other things, on the on-site Coulomb repulsion and the overlap of elec- 
tronic wavefunctions between neighbouring atoms. Therefore a change of the electronic 
wavefunction overlap, arising from thermal vibrations of the atoms, will change the con- 
ditions for the formation of the magnetic moments. Neutron scattering is able to probe 
these changes by dynamic magnetic form factor measurements. In these experiments 
the magnetic signal is measured on a phonon. Such measurements yield information 
on the behaviour of the magnetic moment and its stability on a distorted lattice. 



1 Introduction 

For an itinerant electron ferromagnet the size of the magnetic moment and the 
interaction between neighbouring moments is determined by details of the band 
structure such as the size of the matrix element U (which describes the on-site 
Coulomb repulsion between electrons) and the band width W (which depends 
sensitively on the electronic overlap between wavefunctions centred on neigh- 
bouring atoms). While the Coulomb matrix element is not expected to vary 
as the nearest neighbour distances are changed the degree of overlap of the 
electronic wavefunction is modified and so is the width of the d-electron band. 
Thus as external or chemical pressure is applied to the system the magnetic 
characteristics of the itinerant electron ferromagnet are altered. The size of the 
magnetic moment and their interactions are renormalised as seen experimentally 
in a change of the saturation magnetisation at low temperatures or a shift of 
the magnetic transition temperature Tc. These changes are brought about by 
quasi-static constraints imposed onto the lattice system, which in turn deter- 
mines the properties of the magnetic subsystem. However, the magnitude of the 
external field (pressure) required to bring about these changes are outside the 
experimentally accessible range, as may be seen from Hattox’s calculation [1] for 
the moment formation in metallic vanadium. For other systems these changes 
can be brought about by chemical pressure e.g. the stability of the manganese 
moment in REMri 2 (for a review see Shiga [2]). In other systems such as those 
exhibiting an invar effect the role of the magnetic and lattice degrees of freedom 
is more subtle. 

For these systems the coupling of magnetic and lattice degrees of freedom 
is believed to give rise to a low value of the thermal expansion coefficient at 
around room temperature [3] . A simple model which is able to account for these 
observations on a phenomenological basis is the 2-state model of Weiss [4]. Weiss 
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assumes that the magnetic moment of Fe in the fee structure can exist in 2 dif- 
ferent states: a state with larger volume and moment and an excited state with 
a smaller volume and magnetic moment. Using such a model and assuming an 
energy for the excited state of order /c^lOOK Weiss was able to reproduce the 
magnetic and lattice properties of Fe^^Niss invar. Band structure calculations 
indicate the presence of at least 2 different electronic configurations for Fe on an 
fee lattice [5]. However, intensive experimental work aimed at identifying these 
states and associate excitations on a microscopic level have failed to provide any 
supporting evidence. In particular extensive neutron scattering investigations [6], 
[7], [8], [9] have not been able to identify a transition within the thermal energy 
range. Recent spin polarised neutron experiments cast doubt on the validity of 
the 2-state model. Ishikawa [7] has compared the temperature dependence of the 
macroscopic magnetic moment as measured in magnetisation measurements with 
the temperature dependence as expected on the basis of the measured magnon 
dispersion curves. While good agreement is obtained for Fe, Ni and FeNi com- 
pounds away from the invar region, significant differences are observed for the 
invar compositions. Since the thermal population of spin waves can not account 
for the thermal variation of the magnetisation Ishikawa invoked the concept of 
hidden excitations. Recent polarised neutron measurements have shown that it 
is the coupling of the lattice and magnetic degrees of freedom which give rise 
to the anomalous variation of magnetisation [9] and it is therefore essential to 
understand how this coupling arises in a microscopic manner. 

In the following the question of the experimental investigation of the magnetic 
moment stability, namely its variation with respect to a lattice deformation, will 
be discussed and related to the investigation of pure iron and fcc-iron containing 
compounds such as invar e.g. Fee^Ni^s and Fe^Pt. The measurement idea is 
briefiy described as follows: At finite temperatures the response of the system 
to small changes of the lattice is probed via the thermal excitation of lattice 
deformations. The phonons cause atoms to undergo small displacements from 
their equilibrium positions. It is argued that for an itinerant electron ferromagnet 
the change in atomic positions may modify the magnetic moment located on the 
atom. The magnitude of the magnetic moment on the dynamically deformed 
lattice can be measured by determining the dynamic magnetic form factor on a 
phonon. 

The first measurements of this kind were carried out by Steinsvoll et al. [10] 
on bcc iron and Ni. The iron data is reproduced in figure 1. These measurements 
clearly show a small and systematic deviation of the dynamic magnetic form 
factor as compared to the static one. This variation is attributed to a change of 
the magnetic moment as a result of the lattice distortion. 

For the interpretation of the results the simultaneous change of atomic po- 
sitions and magnetic moments presents a very complicated problem. This prob- 
lem, however, is made tractable by observing that the electronic and lattice 
subsystems approach their respective equilibrium configurations on significantly 
different time scales as discussed next. 
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q [reciprocal lattice units] 

Fig. 1. Fourier transform of the magnetisation density Ai’(g) for bee iron as measured 
on a phonon (hollow circles) and compared to the static magnetisation density (smooth 
curve) as measured on Bragg reflections. Full circles indicate an elastic measurement 
carried out on a Bragg reflection. Data taken from Steinsvoll et al. [10]. 



2 Time Scales for Lattice 

and Electronic Degrees of Freedom 



For the lattice system a typical energy is defined by the Debye temperature 
According to Heisenberg’s uncertainty principle, a time scale of order 



^^lattice 



ksOD 



( 1 ) 



is associated with such an energy. Here is the Boltzmann constant. 

Similarly the electronic band width W has an associated time scale for elec- 
tronic processes (such as electron hopping) of 



AUectromc ^ ^ 



( 2 ) 



With typical electronic band widths of order of eV lO^K) and with Debye 
temperatures typically being of order &d ^ 300iF the timescales for changes in 
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the electronic and lattice subsystems are different by several orders of magnitude 
with 



electronic ^^lattice 



(3) 



With the much faster electronic processes it is reasonable to assume that on the 
scale of lattice vibrations the electronic subsystem instantly adopts its equilib- 
rium configuration. This approximation is known as the adiabatic approxima- 
tion. It is therefore admissible to treat the electronic subsystem by assuming 
that it adopts instantaneously and minimises the electronic energy for any given 
conhguration of atomic positions. Thus if a lattice deformation causes a change 
of the magnetic moments such changes travel with the phonon and accompany 
the lattice deformation. 



3 Neutron Scattering and Lattice Induced Magnetic 
Moment Modulation 



Neutron scattering offers a means of measuring the changes of the magnetic 
moment on the dynamically deformed lattice. Such measurements are known as 
dynamic form factor measurements. In order to illustrate the physics of such 
measurements a description is developed first of the purely nuclear inelastic 
(phonon) scattering. This description is extended to include a magnetic scat- 
tering contribution and to demonstrate that a phonon in a ferromagnet has 
associated with it a magnetic scattering contribution. Finally the magnetic mo- 
ment variation on the deformed lattice is considered. The argument is developed 
for small changes of the magnetic moment in terms of a Taylor series in the 
lattice deformation A. 

In neutron scattering the nuclear contribution to the scattering cross section 
is determined by the Fourier transform in space and time of a nuclear density - 
nuclear density correlation function. The double differential neutron scattering 
cross section is given as 



(Pa 



dQduj 



nuc. 



f 

ki 2iTh J 



< X\bfe 

hj 






(4) 



where p and kf are the magnitudes of the initial and final neutron wavevectors 
and q is the scattering vector, i? is the solid angle and huj is the neutron energy 
change in the scattering process, hi and hj are the nuclear scattering lengths of 
the atoms located at lattice sites i and j with positions i^i(O) and Rj{t) at times 
t=0 and t, respectively. Here |A > denotes the wavefunction of the system. If the 
sample is described by a superposition of states the matrix element < A|...|A > 

has to be replaced by ^p\ < A|...|A > where p\ is the probability with which 
A 

the state |A > occurs. 

For the static lattice the atomic positions are time independent and hxed 
at their equilibrium positions and Rf^^ • The Fourier transform in time 
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becomes a (^-function in energy transfer, resulting in elastic scattering. 

oo 

— OO 

~ (5) 

T 

Here r is a reciprocal lattice vector. This scattering is observed experimentally 
as Bragg scattering. 

Now consider a small time and position dependent deviation from the equi- 
librium position as dehned by 

Ai{t) = ( 6 ) 

with Ri{t) = + Ai{t). Here the amplitude the wavevector k and the 

angular frequency uo characterise the deformation. For the discussion here the 
deformation is taken to be externally generated. For the actual experiment the 
distortions are provided by the phonons of the system. For the phonon system 
the intensity of the scattering is determined by the Bose factor for the creation 
/ annihilation of phonons in the scattering process. It is the ratio of magnetic 
to nuclear intensity which is determined. Therefore the factors determining the 
intensity are not included in the discussion. 

Developing the exponential in (6) up to 2^^ order in A yields 

giq.jJUt) ^ ^+iq- A,{t) - lilAWL j (7) 



The combination bas the same hrst 2 terms in the series expansion as 

This contribution is commonly known as the Debye- Waller factor 
and this contribution is denoted by 

The deviations Ai have zero mean. Therefore inserting this expression into 
the relevant part of equation (4) yields an elastic contribution of the form of 
(5), modihed by the Debye- Waller factor and an inelastic contribution 

given by 




^ a|(A(0) • q){Aj{t) ■ q)\\ > (8) 



For the deformation as given in (6) the integration yields 

S{?lu; — hw) -\- k — t) (9) 

T 

This result is essentially the convolution of the Fourier transform of the static lat- 
tice (given by 6{huo) and — with the Fourier transform of the deviation 

T 

(which is characterised by ^-functions in frequency and propagation vector). 
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Now consider the purely magnetic scattering cross section. 




hj 

Here tq = —0.5 • 10“ ^^cm, g is the gyromagnetic ratio, f{q) is the magnetic 
form factor, a and [3 denote the components of the (time dependent) magnetic 
moment M. Due to the magnetisation being a vector quantity and spatially 
more extended than the nucleus the expressions are slightly more evolved com- 
pared to the case of nuclear scattering. A geometric restriction applies with the 
effect that only the component of the magnetisation which is oriented perpen- 
dicular to the scattering vector q will give rise to magnetic scattering. For the 
experimental configurations of interest here this has been ensured by aligning 
the magnetic moments perpendicular to the scattering plane with an external 
magnetic field. This magnetisation component will be denoted by or sim- 
ply M. The finite size of the magnetisation distribution gives rise to a magnetic 
form factor f{q) which describes the decrease of the magnetic scattering contri- 
bution with increasing scattering vector. With this simplification the correlation 
function takes the form 

oo 

Y ( 1 -^( 9 ))^ ^ > ( 11 ) 

^ -oo 

First consider the case for which the magnetic moment is of fixed magnitude 
and independent of the displacement of the atom. The same analysis can be 
carried out for the magnetic scattering contribution as has been done above for 
the purely nuclear case, with the nuclear scattering length being replaced by 
the perpendicular component of the magnetic moment (times the magnetic form 
factor). This result indicates that the lattice deformation, i.e. a phonon, also has 
a magnetic scattering intensity associated with it. 

The above statement is, at first sight, surprising. However, as the nuclear den- 
sity is modulated by the phonon the nucleus will carry with it the magnetisation 
cloud as defined by its outer electrons in partially filled shells. Consequently the 
nuclear modulation also gives rise to a modulation of the magnetisation density, 
which in turn yields a magnetic scattering contribution. It has to be stressed that 
the excitation is a pure lattice excitation which is inelastic in the nuclear but 
elastic in the magnetic interaction channel. Thus it does not involve a change of 
the magnetic subsystem. The magnetic scattering intensity on a phonon is noth- 
ing else but the intensity, which has been removed from the Bragg reflections by 
the lattice Debye- Waller factor. For this reason magnetic Bragg reflections are 
subject to the same Debye- Waller factor associated with nuclear reflections. 

The magnetic and nuclear scattering intensities, as seen on a phonon, are 
experimentally accessible with a spin polarised neutron scattering experiment. 
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The magnetic signal originates from the magnetic moment which is located on 
the deformed lattice. If the magnetic moment is stable and follows the nuclear 
motion without modification then the scattering vector dependence of the mag- 
netic scattering intensity is solely determined by the magnetic form factor. The 
magnetic form factor is known from static measurements, where the Fourier co- 
efficients of the magnetisation density are experimentally determined from Bragg 
reflections. The magnetic form factor as seen on the phonon should therefore be 
a smooth interpolation of the magnetic form factor as seen on Bragg reflections. 

However, if the magnetic moment is altered as a result of the lattice modu- 
lation the magnetic form factor will deviate from the static interpolation. The 
simple model discussed here assumes a change of the magnitude of the magnetic 
moment only, without a change in the spatial extent or symmetry of the mag- 
netisation density. This change arises due to the variation of nearest neighbour 
separation. Such a change is described by a term of the form A. • q. It is to be 
noted that for long wavelength modulations of the lattice, i.e. as g ^ 0, the 
lattice is shifted uniformly with essentially no variation of the nearest neighbour 
separation. Thus one is led to consider a magnetic moment which changes its 
magnitude according to 



+ 



dMf 



dA-q 



^■q=0 



ZX • gf + 



d^M/ 



{dA . qy 



{A^qf 



^■q=0 



(12) 



where \A'q\ measures the local change, at lattice site Ri, of the distance to near- 



est neighbour atoms. The average moment 



tives M' = 



dM, 



( 0 ) 



d^q 



^■q=0 



and M" = 



d^M' 



( 0 ) 






^•q=0 



A.q=Q 

are i-independent. 



and its deriva- 



The second derivative of the magnetic moment with respect to the lattice 
distortion only involves one lattice site index. It has the same formal appearance 
as the Debye- Waller factor discussed above for the nuclear scattering contribu- 
tion. This contribution may likewise be considered as a dynamic Debye- Waller 
factor for the magnetic scattering contribution and can be defined as 



M:^ = M.y 



(13) 



with 

M" 

Unlike the Debye Waller factor for nuclear scattering which invariably results in a 
decrease of the scattering intensity of Bragg refiections with increasing scattering 
vector, for the case of the magnetic scattering contribution on the phonon the 
magnetic scattering intensity may either increase or decrease, depending on the 
sign of the 2'^^ derivative of the magnetic moment with respect to the lattice 
distortion. It is noted that this dynamic Debye Waller factor becomes equal to 
1 as the Bragg reflection is approached as ZX • gf ^ 0 for the time independent 
lattice. 
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Collecting the remaining terms up to second order in A one obtains, in ad- 
dition to the scattering contribution identified above for the case without a 
modulation of the magnetic moment, namely 

M(°>mW(A{0) ■ q)(Aj(t) ■ q) (15) 

terms of the form 

M'(A(0)-q) ■ M\Aj{t)-q) 

+ M'(A(0)-q) ■ M^^\Aj{t)-q) 

+ M(o)(A(0) • q) ■ M'{Aj{t) ■ q) (16) 

The scattering vector and energy dependence of these contributions is such that 
the scattering will occur at the same point in reciprocal space and with the same 
energy as the one of equation (15). These contributions modify the magnetic 
scattering as seen on the phonon. As a result of the modulation of the magnetic 
moment the dynamic magnetic form factor deviates from the interpolation of the 
static magnetic form factor. The deviation from the value of the static magnetic 
form factor is a measure of the magnetic moment modulation or instability of 
the system. For magnetic systems for which the Taylor series expansion in terms 
of the lattice deformation is valid the size of the experimental signal is deter- 
mined by the derivatives of the magnetic moment with respect to the nearest 
neighbour separation. These in turn are related to lattice deformations which 
can be described using the derivative of the lattice deformation. 

For some systems, such as discussed above for an extreme form of vanadium, 
YMri 2 or invar compounds, the variation of the magnetic moment may be in the 
form of a discontinuous change from a finite value to zero. If such a modulation 
occurs as a result of a dynamic lattice modulation the formulation given above 
in terms of a finite power series in the lattice deformation not applicable. 

While it is to be expected that the experimental signal shows a large deviation 
of the dynamically measured magnetic form factor as compared to the static 
one the expansion has to be carried to higher orders. This case, however, is not 
considered here. It suffices to point out that some experimental observations have 
been interpreted using such a discontinuous change of the magnetic moment on 
parts of the distorted lattice [8] . 

The model given above constitutes a first step towards modelling the ex- 
perimental data of Steinsvoll et al. [10] and relating the deviations of the dy- 
namically measured magnetic form factor to microscopic changes of the system. 
The measurement of the magnetic scattering contribution on the phonon is a 
novel experimental technique with which to explore some dynamical aspects 
of the magnetic moment and its coupling to the lattice. The description given 
above will be developed further for the case of invar. Extensive measurements 
have already been carried out on and Fe^Pt invar compounds, and 

a significant variation of the dynamically measured magnetic form factor has 
been seen as compared to the static one. The details of the application of this 
description to invar compounds will be the subject of future publications. 
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4 Conclusions 

The experimental study of the magnetic scattering contribution on a phonon 
allows the investigation of the behaviour of the magnetic moment on a distorted 
lattice. In this way the dynamic behaviour of the magnetic moment, as brought 
about by the changes in the location of the magnetic atoms due to lattice vi- 
brations, can be assessed. Such changes of the magnetic moment have to be 
distinguished from the dynamics of the magnetic subsystems, such as spin exci- 
tations, which also occur for a system with time independent magnetic moment 
positions. The change of position of the atom carrying the magnetic moment is 
a means of experimentally accessing the magnetic moment stability with respect 
to small positional changes within the system. This technique opens up the pos- 
sibility of studying some aspects relevant for the question of the formation and 
stability of magnetic moments in itinerant electron systems. While the varia- 
tions expected for itinerant electron ferromagnets such as Fe or Ni are small, 
the experimental investigation of Fe by Steinsvoll et al.[10] indicate a small but 
systematic deviation of magnetisation contribution on a phonon as compared 
to the static one. The variation can be expected to be larger for systems close 
to an instability. Investigations on invar compounds indicate a more substantial 
change of the magnetic scattering contribution on the phonon than is seen in Fe 
or Ni. 
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